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Current cosmological data exhibit a tension between inferences of the Hubble constant, H0, derived
from early- and late-universe measurements. One proposed solution is to introduce a new component
in the early universe, which initially acts as “early dark energy” (EDE), thus decreasing the physical
size of the sound horizon imprinted in the cosmic microwave background (CMB) and increasing the
inferred H0. Previous EDE analyses have shown this model can relax the H0 tension, but the CMB-
preferred value of the density fluctuation amplitude, σ8, increases in EDE as compared to ΛCDM,
increasing tension with large-scale structure (LSS) data. We show that the EDE model fit to CMB
and SH0ES data yields scale-dependent changes in the matter power spectrum compared to ΛCDM,
including 10% more power at k = 1h/Mpc. Motivated by this observation, we reanalyze the EDE
scenario, considering LSS data in detail. We also update previous analyses by including Planck
2018 CMB likelihoods, and perform the first search for EDE in Planck data alone, which yields no
evidence for EDE. We consider several data set combinations involving the primary CMB, CMB
lensing, supernovae, baryon acoustic oscillations, redshift-space distortions, weak lensing, galaxy
clustering, and local distance-ladder data (SH0ES). While the EDE component is weakly detected
(3σ) when including the SH0ES data and excluding most LSS data, this drops below 2σ when
further LSS data are included. Further, this result is in tension with strong constraints imposed on
EDE by CMB and LSS data without SH0ES, which show no evidence for this model. We also show
that physical priors on the fundamental scalar field parameters further weaken evidence for EDE.
We conclude that the EDE scenario is, at best, no more likely to be concordant with all current
cosmological data sets than ΛCDM, and appears unlikely to resolve the H0 tension.
I. INTRODUCTION
The value of the Hubble constant H0, the present-day
expansion rate of the Universe, is crucial to cosmology.
All cosmological quantities are connected to H0, which
effectively sets the scale of the Universe. In recent years,
the value of H0 inferred from probes of the early universe
has been in persistent disagreement with that measured
from probes of the late universe, a discrepancy that has
now reached ≈ 4 − 6σ significance (e.g., [1]). Assuming
that systematic errors in one or more measurements are
not responsible for the disagreement, this “Hubble ten-
sion” may be a first sign of physics beyond the standard
Λ Cold Dark Matter (ΛCDM) cosmological model.
The cosmic microwave background (CMB) allows for
a precise, albeit indirect, inference of the Hubble con-
stant in the context of a cosmological model [2–7]. The
angular size of the sound horizon, combined with con-
straints on the energy density in each component of the
ΛCDM model derived from the CMB temperature, po-
larization, and lensing power spectra, allow for a deter-
mination H0 = 67.36± 0.54 km/s/Mpc using the Planck
2018 data alone [5]. The same approach can be taken
without CMB anisotropy data, instead using an early-
universe measurement of the baryon density, namely,
that inferred from Big Bang nucleosynthesis [8], and late-
universe measurements of the matter density to calibrate
the sound horizon measured in baryon acoustic oscillation
(BAO) experiments.1 Applied to Dark Energy Survey
(DES) data combined with Baryon Oscillation Spectro-
scopic Survey (BOSS) BAO data, this methodology leads
to H0 = 67.4
+1.1
−1.2 km/s/Mpc [10], in near-perfect agree-
ment with the CMB constraints, albeit with error bars
doubled in size. Recent analyses have further refined this
cosmological approach to constrain H0 using not only
sound horizon information, but also information in the
shape of the matter power spectrum, as measured from
the redshift-space galaxy power spectrum [11–13]. The
results are consistent with those from the Planck CMB
analysis, again albeit with somewhat larger error bars.
The opposite approach is to constrain H0 directly via
late-universe measurements, without assuming a cosmo-
logical model. Historically, these constraints have been
obtained via the classical distance ladder (e.g., [14]). In
this procedure, parallax measurements are used to cali-
brate the period-luminosity relation of Cepheid variable
stars, which are then used to calibrate the luminosity of
nearby Type Ia supernovae (SN), allowing distant SNIa
to be used as proxies for the Hubble flow. The SH0ES
collaboration has applied this method in recent years,
most recently obtaining H0 = 74.03 ± 1.42 km/s/Mpc
[15]. The Cepheid calibration step can alternatively
be swapped out for a calibration using the “tip of
1 Note that the early-universe methods also require knowledge of
the radiation density, as inferred from the CMB monopole tem-
perature [9].
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2the red giant branch” in the Hertzsprung-Russell dia-
gram. The most recent analysis with this method yields
H0 = 69.6± 1.9 km/s/Mpc [16]. Another alternative ap-
proach replaces the Cepheids with Miras, variable red
giant stars, leading to H0 = 73.3 ± 3.9 km/s/Mpc [17].
Very recently, late-universe H0 probes have emerged that
are independent of, and statistically competitive with,
the distance ladder. In particular, the H0LiCOW col-
laboration has constrained H0 by measuring time de-
lays in strongly lensed quasar systems, obtaining H0 =
73.3+1.7−1.8 km/s/Mpc [18], although recently concerns have
been raised regarding the sensitivity to details of the lens
modeling [19, 20]. The Megamaser Cosmology Project
finds H0 = 73.9 ± 3.0 km/s/Mpc [21] from very-long-
baseline interferometry observations of water masers or-
biting supermassive black holes. A futuristic, but already
fruitful, alternative is to directly infer H0 using not the
brightness of standard candles, but the “volume” of stan-
dard sirens, i.e., gravitational waves from merging binary
neutron stars [22, 23]. In this work, we focus on the H0
constraint from [15], as this has been the most widely
analyzed late-universe measurement to date.
There exist varied theoretical proposals to explain or
ameliorate the H0 discrepancy, ranging from new physics
in the very early to late universe. It has been argued [24]
that the proposal “least unlikely to be successful” is an in-
crease in the expansion rate just prior to recombination,
which acts to shrink the sound horizon at last scattering.
There is now a growing body of work to realize this in
concrete theoretical models. A popular subclass of these
models has been termed “Early Dark Energy” (EDE)
[25], and many EDE-like models have been proposed,
both in the context of the H0 tension [25–33] and other
areas of cosmological phenomenology (e.g., [34–36]).
In the EDE implementation that we will focus on, an
ultra-light scalar field, significantly lighter than canon-
ical ultra-light axion or fuzzy dark matter, is displaced
from the minimum of its potential at early times, and,
held up by Hubble friction, effectively acts as an addi-
tional contribution to dark energy. When the Hubble
parameter becomes less than the mass of the field, it rolls
down its potential and begins to oscillate about the mini-
mum. If the potential about the minimum is steeper than
quadratic, the EDE field quickly becomes a subdominant
component of the universe; hence the name “early dark
energy”. The model can be parameterized by the field’s
maximal fractional contribution to the energy density of
the universe, fEDE ≡ max(ρEDE/3M2plH2), and the crit-
ical redshift zc at which this maximum is reached, which
roughly corresponds to the moment before the onset of
oscillations. This evolution is encoded in the Hubble pa-
rameter as an enhancement (compared to ΛCDM) local-
ized in redshift-space in the epoch before the onset of
oscillations. The consequent decrease in the sound hori-
zon rs increases the inferred H0 value from the early-
universe approach described above, in principle bringing
it into agreement with late-universe measurements.
However, the apparent success of the EDE scenario
in resolving the Hubble tension comes at a cost: in or-
der to preserve the fit to CMB data, some of the stan-
dard ΛCDM parameters shift. In particular, the phys-
ical CDM density Ωch
2 increases substantially, as does
the spectral index ns and to a lesser extent the physical
baryon density Ωbh
2 [26]. Primarily due to the increase
in Ωch
2, the late-time amplitude of density fluctuations,
σ8, increases as well. This increase exacerbates the cur-
rent mild tension between CMB and large-scale structure
(LSS) inferences of this parameter. Thus, one expects
that the fit to LSS data will be degraded in EDE models
that fit the CMB and the distance-ladder H0 data. We
confirm this expectation in this paper.
The physical origin of these parameter shifts is fairly
straightforward, and likely applies to any scenario in
which the sound horizon is decreased through the in-
troduction of a new dark-energy-like component in the
pre-recombination universe (so as to increase the expan-
sion rate during this epoch over that in ΛCDM). This
new component (e.g., EDE) acts to slightly suppress the
growth of perturbations during the period in which it
contributes non-negligibly to the cosmic energy density.
Thus, in order to preserve the fit to the CMB data, the
CDM density must be increased to compensate for this
loss in the efficiency of perturbation growth. Since the
EDE field is only relevant for a short period of time, the
suppression is scale-dependent, and thus a small change
in ns is also required to preserve the CMB fit. While
we carefully quantify these effects in the EDE scenario
here, the basic physics indicates that similar considera-
tions would afflict any H0-tension-resolving scenario that
works in a similar manner.
A simple way to quantify the parameter shifts in the
EDE scenario and the associated CMB-LSS tension is by
examining S8 ≡ σ8(Ωm/0.3)0.5. Fitting the EDE model
(with index n = 3, see Eq. (5) below) to CMB and cos-
mological distance data, [26] finds S8 = 0.842 ± 0.014,
which is in 2.3σ tension with the DES-Y1 constraint
S8 = 0.773
+0.026
−0.020 [38]. Moreover, S8 is only a single num-
ber, while LSS data constrain the matter power spectrum
P (k) across a decade in k-space. As we show, EDE mod-
els that fit the CMB and SH0ES data produce significant
effects on P (k) beyond an overall amplitude change (as
S8 primarily captures), thereby suggesting the possibil-
ity of tightly constraining these models using LSS data.
We note that late-universe constraints on early-universe
resolutions have also been discussed in, e.g., [39, 40].
In this work, by “large-scale structure data” we refer
to data sets that constrain not only the expansion his-
tory of the universe, e.g., via the BAO feature, but also
the growth history, e.g., via weak gravitational lensing
(including CMB lensing), photometric and/or spectro-
scopic galaxy clustering, galaxy cluster counts, etc. In
recent years, LSS data sets have delivered precise cosmo-
logical constraints, and any extension of the standard cos-
mological model must also satisfy these bounds. Recent
LSS breakthroughs have come from BOSS [41], a compo-
nent of the Sloan Digital Sky Survey (SDSS), DES [38],
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FIG. 1: Constraints on the EDE scenario from Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data;
BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0 constraint; SDSS DR12 RSD
data; and the DES-Y1 3x2pt data. Here we present a subset of the parameters: the EDE energy-density fraction, timing, and
initial condition, denoted fEDE, log10(zc), and θi, respectively (note θi is distinct from θs, the latter being the angular size of the
sound horizon), along with H0 [km/s/Mpc] and σ8 . The contours show 1σ and 2σ posteriors for various data set combinations,
computed with GetDist [37]. The red contours show results for Planck primary CMB data alone; the blue contours additionally
include Planck CMB lensing data, BAO data, SNIa data, SH0ES, and RSD data (matching the data sets used in [25] and [26],
but with Planck 2018 replacing 2015); and the dark green contours further include the DES-Y1 3x2pt likelihood. The orange
contours add priors on S8 derived from KiDS and HSC data (as an approximation to the full likelihoods from these data sets).
The Planck primary CMB data already place relatively strong constraints on the EDE scenario. Inclusion of the DES, KiDS,
and HSC data significantly weakens the moderate evidence for EDE seen when analyzing the data sets used in [26]. The H0
increase found in the EDE model fit in [26] (blue contours here) is noticeably reduced by the inclusion of LSS data, and the
tension with SH0ES (shown in the gray bands) is no longer reconciled. The light green contours include all data sets except
SH0ES, yielding a stringent upper bound fEDE < 0.060 at 95% CL, and a value for H0 consistent with the fit to the primary
CMB alone. Fig. 16 in Appendix A shows these constraints in terms of fundamental physics parameters.
the Kilo-Degree Survey (KiDS) [42, 43], and the Subaru
Hyper Suprime-Cam (HSC) survey [44], amongst many
others. Parallel to these new data sets, advances in the
effective field theory of large-scale structure [45, 46] have
allowed ΛCDM parameters to be precisely measured with
the redshift-space galaxy power spectrum [11, 12, 47], in
particular, a CMB-independent 1.6% measurement of the
Hubble constant H0 = 68.6 ± 1.1 km/s/Mpc [48]. Pow-
erful upcoming data sets from the Dark Energy Spec-
troscopic Instrument [49], Vera Rubin Observatory [50]
(formerly LSST), Euclid [51], and WFIRST [52] are fur-
thermore anticipated to significantly strengthen cosmo-
logical constraints.
In this work we reanalyze the EDE scenario taking into
account Planck 2018 and DES-Y1 data in detail (in ad-
dition to many other data sets), as well as approximate
4Constraints on EDE (n = 3) for varying data sets
Parameter Planck 2018
TT+TE+EE
Planck 2018
TT+TE+EE,
CMB lensing, BAO,
RSD, SNIa,
and SH0ES
Planck 2018
TT+TE+EE,
CMB lensing, BAO,
RSD, SNIa,
SH0ES,
and DES-Y1
Planck 2018
TT+TE+EE,
CMB lensing, BAO,
RSD, SNIa,
SH0ES,
DES-Y1,
and HSC, KiDS (S8)
Planck 2018
TT+TE+EE,
CMB lensing, BAO,
RSD, SNIa,
DES-Y1,
and HSC, KiDS (S8)
(no SH0ES)
fEDE < 0.087 0.098± 0.032 0.077+0.032−0.034 0.062+0.032−0.033 < 0.060
log10(zc) 3.66
+0.28
−0.24 3.63
+0.17
−0.10 3.69
+0.18
−0.15 3.73
+0.20
−0.19 > 3.28
θi > 0.36 2.58
+0.29
−0.09 2.58
+0.32
−0.15 2.49
+0.40
−0.38 > 0.35
H0 [km/s/Mpc] 68.29
+1.02
−1.00 70.98 ± 1.05 70.75+1.05−1.09 70.45+1.05−1.08 68.92+0.57−0.59
σ8 0.8198
+0.0109
−0.0107 0.8337 ± 0.0105 0.8228+0.0099−0.0101 0.8157 ± 0.0096 0.8064 ± 0.0065
TABLE I: The mean ±1σ constraints on cosmological parameters in the EDE scenario (with index n = 3, c.f. Eq. (11)) from
Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data; BAO data from 6dF, SDSS DR7, and SDSS
DR12 (BOSS); Pantheon SNIa data; the latest SH0ES H0 constraint; SDSS DR12 RSD data; and the DES-Y1 3x2pt data.
Parameters in bold are sampled parameters. The two furthest-right columns add priors on S8 derived from KiDS and HSC
data (as an approximation to the use of full likelihoods from these data sets). In the furthest right column we include all data
sets except the SH0ES measurement. Upper and lower limits are quoted at 95% CL; the one-sided fEDE upper bounds for
the +DES-Y1 (fourth column) and +DES-Y1+HSC+KiDS (fifth column) are fEDE < 0.127 and fEDE < 0.112 at 95% CL,
respectively. The best-fit parameter values for most of these analyses can be found in Sec. VI. The data set combination that
yields the strongest evidence for EDE is shown in the third column (analogous to that used in [26]); the preferred EDE model
in that analysis is in tension with the constraints on EDE imposed in the final column by the combination of all data sets
without SH0ES, indicating discordance between SH0ES and the other data sets, even in the broadened EDE parameter space.
LSS constraints from KiDS and HSC. The DES-Y1 mea-
surements are the most statistically powerful LSS data
with publicly available likelihoods. We consider in detail
the impact of EDE on the matter power spectrum and
growth of structure, and the resulting constraints from
LSS probes, in combination with CMB and cosmological
distance information that has been used in previous EDE
analyses.
The main results of this work are summarized in Fig. 1
and Table I. We find no evidence for EDE in Planck
2018 primary CMB data (TT+TE+EE) alone, but in-
stead find an upper bound fEDE < 0.087 at 95% CL.
In contrast, when considering the same data set com-
bination as used in [25] and [26] (with CMB likelihoods
updated to Planck 2018), consisting of the primary CMB
supplemented by Planck 2018 CMB lensing data; BAO
data from 6dF, SDSS DR7, and SDSS DR12; Pantheon
SNIa data; the latest SH0ES H0 constraint; and SDSS
DR12 RSD data; we find 3.1σ evidence for EDE, consis-
tent with past claims in the literature.
However, the inclusion of additional LSS data yields
a downward trend in this result. The DES-Y1 3x2pt
data bring the evidence for EDE down to 2.3σ. Inter-
estingly, we find that the results of this computationally
expensive analysis are extremely well approximated by
a simple Gaussian prior on S8 (see Sec. VI D). Guided
by this, we approximate HSC and KiDS data via priors
on S8, and find a further degradation of the evidence
for EDE, fEDE = 0.062
+0.032
−0.033, consistent with null at be-
low 2σ (orange contours in Fig. 1). The one-sided upper
bound is fEDE < 0.112 at 95% CL, and we constrain
H0 = 70.45
+1.05
−1.08 km/s/Mpc. This constraint is in 2σ
tension with the SH0ES result on its own, shown by the
gray bands in Fig. 1, indicating discordance.
To further assess the concordance of these varied
data sets, we consider the fit to the combined data
set including all likelihoods except SH0ES. The results,
shown as light green contours in Fig. 1, are statistically
consistent with the fit to Planck 2018 primary CMB
data (TT+TE+EE) alone, and clearly inconsistent with
SH0ES. This analysis yields an even tighter upper bound
on EDE, fEDE < 0.060 at 95% CL, with H0 = 68.92
+0.57
−0.59
km/s/Mpc, in strong tension with SH0ES.
Finally, we examine the choice of priors and the role of
the axion decay constant. For computational efficiency,
we limit ourselves to Planck 2018 primary CMB data
(TT+TE+EE) alone. We find that uniform priors im-
posed directly on the particle physics parameters f and
log10(m) (see Eq. (11)) strongly downweight large fEDE
values, in comparison to uniform priors placed on the
effective EDE parameters fEDE and log10(zc). This is
reflected in the posterior distributions, and in particular,
that for H0, which is a near identical match to that in
ΛCDM (see Fig. 9).
The outline of this paper is as follows: in Sec. II we
review the physics of the EDE proposal and its variants.
In Sec. III we describe our numerical implementation of
the EDE model in a publicly available code, CLASS EDE
[53]. In Sec. IV we study in detail the impact on LSS,
particularly the matter power spectrum, and in Sec. V,
we discuss the data sets used in our analysis. We present
our main results in Sec. VI, followed by an examination of
physical priors in Sec. VII, and we conclude in Sec. VIII.
Additional figures can be found in the Appendices.
5II. THE EARLY DARK ENERGY PROPOSAL
The goal of the EDE proposal is to allow for larger
values of H0 than obtained in ΛCDM when analyzing
CMB power spectrum data, while not degrading the over-
all quality of the fit. This goal is achieved by demand-
ing that the angular acoustic scale, namely the ratio of
the sound horizon at last scattering to the comoving an-
gular diameter distance to last scattering (at redshift
z∗ ≈ 1100),
θs =
rs(z∗)
DA(z∗)
, (1)
be unchanged by the new physics introduced to solve the
tension. The acoustic scale is the best-measured quan-
tity in CMB data: it is constrained to 0.03% precision
in the Planck 2018 analysis, 100θs = 1.0411± 0.0003 [5].
Upcoming CMB polarization data from Simons Observa-
tory [54] and CMB-S4 [55] will independently constrain
θs to this level (or better), providing a useful cross-check
on the current CMB-temperature-dominated constraints.
The evolution of the Hubble parameter is encoded in
θs via the integral expressions for rs and DA (here c = 1),
rs =
∫ ∞
z∗
dz
H(z)
cs(z) , DA =
∫ z∗
0
dz
H(z)
. (2)
The former depends sensitively on H(z) in the two
decades of scale factor evolution prior to recombination,
while the latter depends directly on H0 (and low-redshift
cosmic evolution). It follows that a ≈ 10% increase in
H0, i.e., of order the early-universe discrepancy with late-
universe measurements, can be compensated for in θs by
a ≈ 10% increase in H(z) just prior to recombination.
A simple mechanism to realize this effect, while not
disrupting the rest of CMB physics and the ensuing cos-
mological evolution, is to introduce an additional contri-
bution to the cosmic energy budget, which constitutes
≈ 10% of the total energy density for a brief period just
prior to recombination, and which rapidly decays away
after achieving the required decrease in rs. Thus, the new
component acts as dark energy at early times, and then
rapidly becomes irrelevant after a critical redshift where
it decays. This early-time contribution to the cosmolog-
ical constant is necessarily orders of magnitude greater
than the present-day cosmological constant, ρ
1/4
Λ ' meV.
This hypothesized additional contribution is known as
“early dark energy”.
The simplest example of an effective cosmological con-
stant which dynamically decays is that of a light scalar
field. From the equation of motion of a scalar field φ with
mass m and potential V (φ) = m2φ2/2,
φ¨+ 3Hφ˙+m2φ = 0, (3)
one can see that if initially m H, then Hubble friction
will freeze φ at its initial value φi, contributing a vacuum
energy m2φ2i /2 to the cosmological constant. Once the
Hubble parameter drops below the mass, m  H, the
field begins to oscillate, φ(t) = φia
−3/2 cos(mt), and the
vacuum energy redshifts away as matter (∝ a−3).
To utilize such a field to resolve the Hubble tension,
the field must begin to oscillate in the rough ballpark of
zCMB, at which point the Hubble parameter H ∼ T 2/Mpl
is roughly 10−27 eV.2 Thus the scalar field in question
must be extremely light. From a particle physics stand-
point, the only known example of such a field is the axion
[56–58].
The axion is defined as a (pseudo)-scalar endowed with
a global U(1) shift symmetry, broken by non-perturbative
effects, namely instantons, that generate a potential (see,
e.g., [59]),
V (φ) =
∑
n
cne
−Sn cos(nφ/f) ' V0 cos φ
f
+ ... (4)
breaking the continuous shift symmetry to a discrete
shift symmetry. This shift symmetry protects the ax-
ion mass from radiative corrections, allowing for ex-
tremely small values of the axion mass. The ... in the
above equation indicates subdominant instantons, expo-
nentially suppressed by the charge-n instanton action Sn.
Gravitational instantons scale as Sn ' nMpl/f [59, 60].
If f > Mpl, the instanton expansion breaks down and the
potential cannot be approximated by the leading term
[61], [62].
To resolve the Hubble tension, the leading-order in-
stanton will not suffice. The EDE field must rapidly de-
cay away so as to leave low-redshift cosmic evolution un-
changed, while the axion redshifts only as matter. Thus,
its effects would spoil late-time cosmology. The pro-
posal of [25] is then to consider potentials of the form
(e.g., [34]),
V = V0 (1− cos(φ/f))n , V0 ≡ m2f2 , (5)
corresponding to a careful fine-tuning of the hierarchy
of instanton actions. For integer values of n, this fine-
tuning is limited to the first n terms in the expansion in
Eq. (4). For arbitrary real-valued n, one must instead
fine-tune an infinite tower of terms. For this reason, we
will restrict our analysis to integer values of n (primarily
n = 3).
The minimum of the potential (5) is locally V ∼ φ2n, in
which case the oscillations of φ correspond to an equation
of state [63],
wφ =
n− 1
n+ 1
. (6)
For n = 2, the initial energy stored in the field (i.e.,
the EDE) redshifts away during the oscillatory phase as
2 We denote the reduced Planck mass as Mpl = 2.435× 1018 GeV
here and throughout.
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FIG. 2: Fraction of the cosmic energy density in the EDE
field φ as a function of redshift, for the parameters in Eq. (7).
radiation (∝ a−4), and for n→∞ it redshifts as kinetic
energy (∝ a−6).
These dynamics allow the model to be succinctly de-
scribed in terms of an initial field displacement θi ≡ φi/f ,
and two effective parameters, zc and fEDE, which are
defined by the redshift zc at which the EDE makes its
maximal fractional contribution fEDE to the total energy
density of the universe, fEDE(zc) ≡ (ρEDE/3M2plH2)|zc .3
The dependence of fEDE and zc on the particle physics
parameters m and f and the initial angle θi is highly
non-linear, a fact that we will return to in Sec. VII.
As a numerical example, we consider n = 3, fEDE =
0.122, log10(zc) = 3.562, and θi = 2.83. This is the best-
fit integer-n model reported in the [26] fit to CMB, CMB
lensing, BAO, redshift-space distortion (RSD), SNIa, and
SH0ES data. We will refer to this example throughout;
the full set of parameters is given by
H0 = 72.19 km/s/Mpc, 100ωb = 2.253 (7)
ωcdm = 0.1306, 10
9As = 2.215,
ns = 0.9889, τreio = 0.072
fEDE = 0.122 , log10(zc) = 3.562 , θi = 2.83.
The resulting evolution of the EDE component is shown
in Fig. 2. At its peak (near z ≈ 3650), the EDE field
comprises 12% of the energy density of the universe. This
3 For notational simplicity, fEDE(zc) will be denoted as fEDE in
most contexts.
is then rapidly dissipated as the field starts to roll and
oscillate, and at z = 103 its contribution is less than 2%
of the energy density of the universe.
A minimal alternative to power-law cosine potentials is
to consider instead the only aspect seemingly relevant to
the Hubble tension, namely the shape of the potential at
the minimum. This is the approach of [27], who studied
V = V0
(
φ
Mpl
)2n
. (8)
This coincides with the earlier models for small initial
field values φi/f  1. The most recent statistical anal-
ysis [26] found such monomial potentials are disfavoured
relative to the cosine potential with a large initial field
displacement.
There are now many realizations of the EDE scenario
that have been proposed. Unstable dark energy, a.k.a
“Axion-Dilaton Destabilization” [28], is a realization of
EDE without higher-order instantons. This is done with
a two-field model:
V (φ, χ) =
1
2
m2χf
2eβ(φ)(1 + cos
χ
f
) + V0e
−λφ/Mpl , (9)
where β(0) > 0. The axion χ rolls down its potential at a
time zc, triggering the destabilization of a second scalar
field φ with a steep potential, λ  1. The two-field
model [28] can be qualitatively understood by consid-
ering a single-field truncation, with a piece-wise-defined
potential for the EDE field, in a manner resembling the
best-fit “Acoustic Dark Energy” of [29]. Other EDE-
like possibilities include a “kick” from neutrino freeze-out
[30], a first-order phase transition [31], parametric reso-
nance [32], and dissipation into gauge fields [33]. For this
work, we will concentrate on the cosine potentials as pro-
posed in [25], which have been shown to fit cosmological
data well and serve as a canonical example of the EDE
scenario.
The hallmark success of this proposal lies in preserving
the fit to the Planck CMB temperature power spectrum.
The best-fit EDE model analyzed in [26] has H0 ≈ 72
km/s/Mpc, while leaving no visible imprint on the CMB
compared to a ΛCDM model with significantly lower H0.
To illustrate this, we show the CMB temperature power
spectra in ΛCDM with H0 ≈ 68 km/s/Mpc and in a
fiducial EDE model with H0 ≈ 72 km/s/Mpc, in Fig. 3.
Analogous figures for the CMB polarization and lens-
ing power spectra (including the fractional change with
respect to ΛCDM) can be found in Appendix D (see
Figs. 21 and 22). The model parameters for these fig-
ures are chosen as the best-fit values reported in [26]:
EDE with parameters as in Eq. (7), and ΛCDM with
parameters given by
H0 = 68.21 km/s/Mpc 100ωb = 2.253, (10)
ωcdm = 0.1177 10
9As = 2.216,
ns = 0.9686 τreio = 0.085.
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FIG. 3: CMB temperature anisotropy power spectra (left panel) and residuals (right panel) for ΛCDM (black, solid) and
EDE (red, dashed) models, with H0 = 68.21 km/s/Mpc and H0 = 72.19 km/s/Mpc, respectively. The curves are nearly
indistinguishable in the left panel. The model parameters are given by Eqs. (7) and (10) for EDE and ΛCDM, respectively,
corresponding to the [26] best-fit models to primary CMB, CMB lensing, BAO, RSD, SNIa, and SH0ES data.
Figs. 3 and 22 show that the primary CMB power spectra
are nearly indistinguishable in these two models, despite
the EDE model having a significantly larger H0 than the
ΛCDM model. This suggests that EDE can provide a
simple early-universe solution to the Hubble tension.
III. NUMERICAL IMPLEMENTATION
We implement the EDE scenario as a modification to
the publicly available Einstein-Boltzmann code CLASS
[64, 65].4 Our modified version, CLASS EDE, is publicly
available [53].5 CLASS EDE solves for the evolution of the
scalar field perturbations directly using the perturbed
Klein–Gordon equation (as in, e.g., [27] and [26]), avoid-
ing the effective fluid description used in some past works
(e.g., [25]). We implement adiabatic initial conditions for
the scalar field fluctuations as described in [26]; see [26]
for a discussion of isocurvature initial conditions. The
EDE potential is implemented as
V (φ) = m2f2 (1− cos (φ/f))n + VΛ, (11)
where VΛ is a constant, which plays the role of the cos-
mological constant. Absorbing the cosmological constant
into V (φ) allows efficient closure of the energy budget
equation,
∑
Ωi = 1 in a flat universe, for arbitrary model
4 http://class-code.net
5 https://github.com/mwt5345/class_ede
parameters simply by tuning VΛ via the built-in shooting
functionality of CLASS.
CLASS EDE allows one to specify the EDE model pa-
rameters in terms of the particle physics parameters f
and m or the effective EDE parameters fEDE and zc. If
the latter set is specified, CLASS EDE will find the cor-
responding f and m via a shooting algorithm, analo-
gous to the shooting of H0 from a user-specified 100 θs
in CLASS. For both implementations the user must also
specify the initial axion misalignment angle θi ≡ φi/f
and a value for n. To handle dynamics for small values
of fEDE, we have increased the default time-step pre-
cision in CLASS to 7 × 10−4. The final update to the
functionality of CLASS is a simple extraction of fσ8(z),
where here f ≡ d logD/d log a is the linear growth rate
(not the axion decay constant), which is needed to im-
plement the RSD likelihoods in our analysis below. In all
likelihoods requiring calculations of the non-linear mat-
ter power spectrum, we compute this quantity using the
“Halofit” prescription implemented in CLASS [66, 67].
We perform Markov chain Monte Carlo (MCMC)
analyses using the publicly available code Cobaya
[68]. We sample from the posterior distributions us-
ing the Metropolis-Hastings algorithm implemented in
Cobaya [69–71], with a Gelman-Rubin [72] convergence
criterion R − 1 < 0.05. To determine best-fit parameter
values, we use the “BOBYQA” likelihood maximization
method implemented in Cobaya [73–75].
8IV. IMPRINT ON LARGE-SCALE STRUCTURE
The introduction of the EDE field into the cosmolog-
ical model affects observables beyond the CMB temper-
ature and polarization power spectra. In particular, it
affects the dynamics of all perturbation modes that are
within the horizon during the epoch in which the EDE
is relevant. This change in the transfer function leaves
signatures in the late-time matter power spectrum P (k).
Moreover (and more significantly), the “standard” cos-
mological parameters must shift in the EDE scenario
in order to maintain the fit to the primary CMB data
while accommodating a higher H0 value than possible in
ΛCDM. These shifts, particularly in ωcdm, significantly
affect P (k). As precise measurements of this observable
are available from current surveys (e.g., [38, 41, 42, 44])
and will dramatically grow in precision with near-future
surveys (e.g., [49–52]), it is an opportune time to examine
their role in constraining the EDE scenario.
Following general conventions, we will often quantify
LSS constraints by the σ8 parameter, i.e., the RMS
linear-theory mass fluctuation in a sphere of radius
8 Mpc/h at z = 0. This is evaluated in Fourier space
as an integral over the matter power spectrum with a
spherical top-hat filter W (kR) of radius R = 8 Mpc/h,
i.e.,
(σ8)
2 =
1
2pi2
∫
d log kW 2(kR) k3P (k) . (12)
The value of σ8 is predominantly determined by contri-
butions to the integral from 0.1h/Mpc . k . 1h/Mpc,
due to a balancing of high-k suppression of the filter and
the small-k suppression from the k3 factor.
In recent years, CMB observations have consis-
tently yielded best-fit values of σ8, or similarly S8 ≡
σ8(Ωm/0.3)
0.5, that are slightly greater than those found
by LSS observations. In the fit to ΛCDM, the Planck
2018 analysis finds S8 = 0.830±0.013 [5], while the DES-
Y1 3x2pt analysis finds S8 = 0.773
+0.026
−0.020 [38], KiDS finds
S8 = 0.745± 0.039 [42], and HSC finds S8 = 0.780+0.030−0.033
[44]. Taken in conjunction as three independent measure-
ments and combined with inverse-variance weights, these
LSS experiments yield S8 = 0.770
+0.018
−0.016, in 2.7σ tension
with the Planck 2018 CMB result.
This tension is worsened in the EDE scenario. For
example, the [26] results for the best-fit integer-n EDE
model give S8 = 0.842 ± 0.014, increasing the tension
with the LSS result quoted above to 3.2σ. Moreover, S8
is only a single number, while LSS data constrain the
shape of P (k) over a decade in k-space. The value of
S8 depends on multiple ΛCDM parameters, which are
shifted in the EDE scenario in order to maintain the fit
to the CMB acoustic peaks and the damping tail of the
power spectrum. The upward shift of S8 is predomi-
nantly driven by the increase in the physical CDM den-
sity, which slightly shifts the peak of the matter power
spectrum and increases the growth rate of perturbations
at late times. To illustrate this effect, in Fig. 4 we plot
the non-linear matter power spectrum, computed with
the “Halofit” prescription implemented in CLASS [66, 67],
which is used in our analysis of LSS data in Sec. VI. The
increase in power at 0.1h/Mpc . k . 1h/Mpc leads to
an increase in σ8 and S8 (although these quantities are of
course computed from the linear rather than non-linear
power spectrum), and thus a worsening of the tension
between these CMB-derived predictions and actual LSS
data. We emphasize that this primarily arises from the
change to the ΛCDM parameters in the EDE scenario,
as is required to produce CMB power spectra that match
the Planck fit to ΛCDM (see Fig. 3).
On large scales (k . 10−2 h/Mpc), outside the reach
of current LSS experiments, the EDE P (k) is suppressed
relative to that in ΛCDM. This difference is driven by the
slight change in the primordial spectral index, with ns =
0.9889 and ns = 0.9686 in EDE and ΛCDM, respectively,
while the amplitude at the pivot scale kpiv ≡ 0.05 Mpc−1
remains essentially unchanged (As = 2.215 × 10−9 and
As = 2.216× 10−9 in EDE and ΛCDM, respectively).
These differences persist across redshift: in Fig. 5 we
show the ratio of P (k) in the two scenarios at z = 0 (i.e.,
the ratio of the curves in Fig. 4) and at the midpoints of
the DES-Y1 redshift bins. From this, one can see that the
change in the matter power spectrum is substantial, up
to ≈ 10% for a wide range of wavenumbers that are well-
measured in current data. The figure also shows that the
quasi-linear and small-scale changes are more significant
at higher redshift.
The redshift dependence of the deviations from ΛCDM
are also encoded in the growth factor, f(z), as well as
fσ8(z). We include plots of these quantities in Ap-
pendix D in Figs. 23 and 24. The enhancement in EDE
of fσ8 at z = 1 is twice that at z = 0, given by 3%
and 1.5%, respectively. In comparison, BOSS RSD data
provide a 6% measurement of fσ8 at z = 0.38, 0.51, and
0.61 [41]. Upcoming measurements from DESI will sig-
nificantly improve upon these constraints [49].
The σ8 change does not fully capture the rich impact
of EDE on the matter power spectrum. The effects of the
EDE field modify the dynamics of all modes within the
horizon (or those that re-enter the horizon) during the
epoch in which the EDE makes a non-negligible contri-
bution to the cosmic energy budget, i.e., around zc (with
a wider redshift window for larger fEDE). These effects
are sensitive to the amount and timing of EDE, as pa-
rameterized by fEDE and zc. The imprint of fEDE on
P (k) can be seen in Fig. 6, while holding zc and θi fixed.
Similarly, in Fig. 7 we show the matter power spectrum
as a function of log10(zc), with fEDE and θi held fixed.
In both cases the ΛCDM parameters are also held fixed
(to their values in Eq. (7)).
These figures show that fEDE acts to suppress struc-
ture on small scales, with an effect that is compounded
for small values of zc, that is, models in which the EDE is
relevant in the late universe. Physically, this is due to the
suppression of perturbation growth by the accelerated ex-
pansion, analogous to (but weaker than) that in late-time
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FIG. 4: Non-linear matter power spectrum P (k) at z = 0
for ΛCDM and EDE models that fit the primary CMB, dis-
tances, and SH0ES data. The change in σ8 in the EDE sce-
nario can be seen as the relative increase in P (k) in the range
0.1h/Mpc . k . 1h/Mpc (although σ8 is computed from the
linear rather than non-linear power spectrum). This increase
is due primarily to shifts in the “standard” cosmological pa-
rameters in the EDE model, rather than the effects of the
EDE itself. The model parameters are the same as in Fig. 3
(see Eqs. (7) and (10)).
dark energy domination. Quantitatively, we confirm this
intuition by computing the wavenumber kc corresponding
to the size of the comoving horizon at zc, when the EDE
has maximal influence on the dynamics. For the fiducial
model considered in this section with log10(zc) = 3.562,
we find kc ≈ 0.03h/Mpc. Fig. 6 clearly shows increas-
ing suppression for modes with k > kc as fEDE increases,
which makes sense as these modes are all within the hori-
zon at that time. There is also some suppression for
modes with slightly lower k, as these modes re-enter the
horizon while the EDE is still a non-negligible contribu-
tion to the cosmic energy budget.
Finally, to contextualize the EDE impact on LSS,
we consider a comparison between the matter power
spectrum in EDE and a model consistent with DES-Y1
measurements of photometric galaxy clustering, galaxy-
galaxy lensing, and cosmic shear two-point correla-
tion functions [38]. The latter yield constraints S8 =
0.773+0.026−0.020 and Ωm = 0.267
+0.030
−0.017. The DES measure-
ments are generally insensitive to the other ΛCDM pa-
rameters, and we adopt Planck 2018 [5] TT+TE+EE
best-fit values ns = 0.9649, h = 0.6727, τreio = 0.0544,
and Ωbh
2 = 0.02237 to complete the model. The ampli-
tude As is set by CLASS to reproduce the DES measure-
ment of σ8, which gives As = 2.788×10−9. We consider a
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FIG. 5: Ratio of the EDE and ΛCDM non-linear matter
power spectra at z values chosen to be the midpoints of the
redshift bins used in the DES-Y1 analysis (and at z = 0 in
red). The model parameters are the same as in Fig. 3.
redshift z = 0.525, corresponding to the central redshift
bin of DES.
A comparison of P (k) in the best-fit EDE and ΛCDM
models of [26], Eqs. (7) and (10), and the model consis-
tent with DES-Y1 is shown in Fig. 8. The blue shaded
region corresponds to the approximate range of comoving
wavenumbers probed the DES angular correlation func-
tions, which span the range 2.5′ < θ < 250′, with a
lower scale cut imposed at comoving separations R ≈ 2-
12 Mpc/h, depending on the observable. In particular,
the right panel of Fig. 8 displays the ratio of P (k) pre-
dicted by the EDE model to that inferred by DES in
ΛCDM; this shows an even greater suppression of power
on large scales than in Fig. 4, and an even greater en-
hancement on small scales. The enhancement on small
scales can again be understood in terms of the physi-
cal CDM density Ωch
2, which is Ωch
2 = 0.0984 for DES
(with h and Ωbh
2 fixed by Planck), but Ωch
2 = 0.1306
in the EDE model.
The suppression on large scales, which is beyond the
observable range of DES or other current surveys, is
driven by the significant shift in As, enhanced by the shift
in ns, and to a lesser extent by the significant shift in the
matter density Ωm, which is Ωm = 0.267 for DES and
Ωm = 0.303 for the EDE model parameters in Eq. (7).
V. DATA SETS
We consider the following data sets in our MCMC anal-
yses:
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FIG. 6: Ratio of P (k) in EDE to that in ΛCDM as a func-
tion of the EDE fraction fEDE, at fixed log10 zc = 3.526 and
θi = 2.83. The other model parameters are given in Eq. (7).
As fEDE increases, the growth of perturbations that are within
the horizon during the EDE epoch is suppressed by a progres-
sively greater amount. The red curve here is identical to that
shown in Fig. 5.
A. CMB
Planck 2018 [5, 76, 77] low-` and high-` [Plik] tem-
perature, polarization, and CMB lensing power spectra.
In comparison with the Planck 2015 results [4, 78], the
primary change in the fit to ΛCDM is a shift in the mean
value and tightening in the error bar on the optical depth
to reionization, from τreio = 0.066 ± 0.016 in 2015 to
τreio = 0.054 ± 0.007 in 2018, as well as a small shift
downward of ns and a small shift upward in ωcdm.
B. LSS
In addition to the Planck 2018 CMB lensing data
set [77], which we consider to be an LSS data set as it
probes the low-redshift universe, we include:
BAO: Measurements from the SDSS DR7 main
galaxy sample [79] and the 6dF galaxy survey [80] at
z = 0.15 and z = 0.106, respectively, as well as from the
SDSS BOSS DR12 [41] optimally combined LOWZ and
CMASS galaxy samples at z = 0.38, 0.51, and 0.61.
RSD: SDSS BOSS DR12 [41, 81] measurements of
fσ8(z) from the imprint of peculiar velocities on the
conversion between configuration- and redshift-space
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FIG. 7: Ratio of P (k) in EDE to that in ΛCDM as a function
of the critical redshift log10 zc, at fixed fEDE = 0.12 and θi =
2.83. The other model parameters are given in Eq. (7). As
the critical redshift decreases, the growth suppression due to
EDE is pushed to progressively later times, and thus affects
modes on correspondingly larger scales (lower k).
[82], at z = 0.38, 0.51, and 0.61. We include the
full covariance of the joint BOSS DR12 BAO and
RSD data. In particular, we use the “consensus”
final BAO+RSD results given in [41] in their Table 7
(final column) and the covariance given in their Table 8.6
DES: shear-shear, galaxy-galaxy, and galaxy-shear
two-point correlation functions (often referred to as
“3x2pt”), measured from 26 million source galaxies in
four redshift bins and 650,000 luminous red lens galaxies
in five redshift bins, for the shear and galaxy correlation
functions, respectively [38]. When analyzed in ΛCDM,
the DES 3x2pt likelihood gives tight constraints on
S8 and Ωm, S8 = 0.773
+0.026
−0.020 and Ωm = 0.267
+0.030
−0.017,
respectively.
Additional LSS data: Weak gravitational lensing mea-
surements from KiDS+VIKING-450 (hereafter KiDS or
6 We note that, at the time our analysis was performed, there
was a non-negligible bug in the implementation of the BOSS
DR12 BAO+RSD likelihood in the Monte Python MCMC sam-
pling code, which has afflicted previous EDE analyses in
the literature (https://github.com/brinckmann/montepython_
public/issues/112). We have explicitly checked that this bug
is not present in Cobaya, and that Cobaya reproduces the χ2 val-
ues for this likelihood found in the official Planck 2018 MCMC
chains.
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FIG. 8: Matter power spectra (left panel) and ratio of spectra (right panel) at the central redshift of DES observations,
z = 0.525, for ΛCDM with the DES-Y1 best-fit values Ωm = 0.267 and S8 = 0.773 (black, solid), the best-fit EDE model
from [26] with parameters given in Eq. (7) (red, dashed), and the best-fit ΛCDM model from [26] with parameters given
in Eq. (10) (green, dash-dotted). The ratios in the right panel are computed with respect to DES-Y1 ΛCDM, thus giving
an indication of how well the other two models’ predictions match the DES-Y1 constraints. The blue shaded region is the
approximate range of comoving wavenumbers probed by the angular scale cuts used in the DES-Y1 analysis.
KV-450) [42, 43] and the Subaru Hyper Suprime-Cam
(HSC) [44], which provide complementary data sets to
the Dark Energy Survey, and impose similar (though
slightly weaker) constraints on S8 and Ωm. We do not
include likelihoods for these datasets directly, but we ap-
proximately include their effect via priors on S8. For
KV-450, we use the result from [43]: S8 = 0.737
+0.040
−0.036.
For HSC, we use the result from [44]: S8 = 0.780
+0.030
−0.033.
C. Supernovae
The Pantheon dataset of 1048 SNe Ia in the redshift
range 0.01 < z < 2.3 [83], which provide accurate relative
luminosity distances. We note that, as of writing, there
is a discrepancy in the Pantheon likelihood implemented
in Cobaya and that implemented in Monte Python, an-
other popular cosmological MCMC sampling code.7 The
origin of this discrepancy is presently unknown, but the
χ2 values computed for Pantheon using Cobaya match
those found in the official Planck 2018 MCMC chains.8
We thus utilize the likelihood as implemented in Cobaya.
7 https://github.com/brinckmann/montepython_public/
issues/131
8 https://wiki.cosmos.esa.int/planck-legacy-archive/
index.php/Cosmological_Parameters
D. Local Distance Ladder
The most recent SH0ES measurement H0 = 74.03 ±
1.42 km/s/Mpc [15]. We correct a minor bug in the
implementation of this likelihood in Cobaya that was
present at the time of writing,9 which produces a con-
stant offset in the χ2 values. This does not affect param-
eter constraints (as a constant offset in χ2 is irrelevant
in MCMC analyses), but affects the best-fit χ2 values
quoted. We have checked that after fixing this bug, the
χ2 values produced by the likelihood match those in the
official Planck 2018 MCMC chains.
VI. CONSTRAINTS ON THE EDE SCENARIO
We focus exclusively on the n = 3 EDE model (see
Eq. (11)). This is the best-fit integer-valued n reported
in previous analyses [26]. We do not consider non-integer
values of n, for the reasons discussed below Eq. (5). We
note that n is not tightly constrained when allowed to
vary [26]. We adopt uniform priors on the effective EDE
parameters fEDE = [0.001, 0.5] and log10(zc) = [3.1, 4.3],
and a uniform prior on the initial field displacement
θi = [0.1, 3.1]. We examine the prior-dependence of these
9 https://github.com/CobayaSampler/cobaya/issues/105
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Constraints from Planck 2018 data only: TT+TE+EE
Parameter ΛCDM EDE (n = 3)
ln(1010As) 3.044 (3.055) ± 0.016 3.051 (3.056) ± 0.017
ns 0.9645 (0.9659) ± 0.0043 0.9702 (0.9769)+0.0071−0.0069
100θs 1.04185 (1.04200) ± 0.00029 1.04164 (1.04168) ± 0.00034
Ωbh
2 0.02235 (0.02244) ± 0.00015 0.02250 (0.02250) ± 0.00020
Ωch
2 0.1202 (0.1201) ± 0.0013 0.1234 (0.1268)+0.0031−0.0030
τreio 0.0541 (0.0587) ± 0.0076 0.0549 (0.0539) ± 0.0078
log10(zc) − 3.66 (3.75)+0.28−0.24
fEDE − < 0.087 (0.068)
θi − > 0.36 (2.96)
H0 [km/s/Mpc] 67.29 (67.44) ± 0.59 68.29 (69.13)+1.02−1.00
Ωm 0.3162 (0.3147) ± 0.0083 0.3145 (0.3138) ± 0.0086
σ8 0.8114 (0.8156) ± 0.0073 0.8198 (0.8280)+0.0109−0.0107
S8 0.8331 (0.8355) ± 0.0159 0.8393 (0.8468) ± 0.0173
log10(f/eV) − 26.57 (26.36)+0.39−0.36
log10(m/eV) − −26.94 (−26.90)+0.58−0.53
TABLE II: The mean (best-fit) ±1σ constraints on the cosmological parameters in ΛCDM and in the EDE scenario with n = 3,
as inferred from Planck 2018 primary CMB data only (TT+TE+EE). Upper and lower limits are quoted at 95% CL. Although
there is a small contribution to the constraining power in these data from acoustic-peak-smearing due to gravitational lensing,
the constraints are dominated by information content from the recombination epoch. The EDE component is not detected
here; a two-tailed limit yields fEDE = 0.033
+0.027
−0.026 at 68% CL, i.e., consistent with zero.
results in Sec. VII, in particular by investigating results
with uniform priors placed on the particle physics param-
eters f and log10(m).
As a benchmark comparison, we also fit the ΛCDM
model to the above data sets. We adopt broad uniform
priors on the six standard ΛCDM parameters (in both the
ΛCDM runs and the EDE runs, which of course include
these parameters as well). Following the Planck conven-
tion, we hold the sum of the neutrino masses fixed to
0.06 eV, assuming one massive eigenstate and two mass-
less eigenstates, and fix the effective number of relativis-
tic species Neff = 3.046. We also sample and marginal-
ize over the nuisance parameters for all likelihoods using
standard methodology. We analyze the MCMC chains
using GetDist [37].10 All of our chains are publicly avail-
able for download.11 We encourage interested readers to
analyze these data, as the full chains are more informa-
tive than any individual summary statistic.
A final comment is in order regarding our parameter
constraints. There are two common approaches to ob-
tain marginalized parameter confidence intervals in the
case of two-tailed limits. Considering 68% intervals as
an example case, the first approach is to compute a limit
such that 32% of the samples are outside the limit range
(symmetrically in the tails), i.e., such that either tail of
the marginalized posterior distribution contains 16% of
the samples beyond the quoted limit values. The second
approach is to compute an interval between two points
with highest equal marginalized probability density (the
10 https://github.com/cmbant/getdist
11 https://users.flatironinstitute.org/~chill/H20_data/
“credible interval”) such that the enclosed region con-
tains 68% of the samples. The two approaches yield
identical confidence intervals for Gaussian posterior dis-
tributions, but can non-negligibly differ if the distribu-
tion is skewed, which is indeed true for the EDE model
parameter posterior distributions. Given this choice, we
adopt the first approach in the main body of this paper
and present estimates obtained with the second method
in Appendix E. For either approach, the limits will be
quoted as
mean
+(upper 68% limit - mean)
−(mean - lower 68% limit) ,
where “mean” refers to the mean of the marginalized
posterior distribution for that parameter.
A. Constraints on EDE from the Primary CMB
Alone
We first consider the Planck 2018 primary CMB TT,
TE, and EE power spectrum data. While there is a small
contribution to the constraining power from acoustic-
peak-smearing due to gravitational lensing, the overall
constraints are dominated by information from the re-
combination epoch. This analysis thus examines poten-
tial evidence for EDE from early-universe data considered
on their own.
We find no evidence for EDE in the Planck 2018 pri-
mary CMB data alone. Indeed, the data are powerful
enough to set meaningful constraints on the possible ex-
istence of an EDE component. The results are tabulated
in Tables II, III, and XI and in Figs. 1 and 9. We find
an upper bound fEDE < 0.087 at 95% CL; a two-tailed
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χ2 statistics from Planck 2018 data only: TT+TE+EE
Datasets ΛCDM EDE
Planck 2018 low-` TT 23.4 22.1
Planck 2018 low-` EE 397.2 396.0
Planck 2018 high-` TT+TE+EE 2344.9 2343.3
Total χ2 2765.5 2761.4
∆χ2 -4.1
TABLE III: χ2 values for the best-fit ΛCDM and EDE models
to the primary CMB alone. The reduction in χ2 is 4.1 for the
three-parameter EDE extension of ΛCDM.
limit yields fEDE = 0.033
+0.027
−0.026 at 68% CL, i.e., consis-
tent with zero. The initial EDE field displacement θi is
poorly constrained, and we find a lower bound θi > 0.36
at 95% CL, a reflection of the fact that at small fEDE
the model is indistinguishable from ΛCDM. The timing
of EDE is constrained to log10zc = 3.66
+0.28
−0.24, the only
indication of a slight CMB preference for EDE. However,
the posterior distribution shows significant support on
the boundaries of the prior, indicating this result should
not be considered to be physically meaningful.
A comparison of the posterior distributions in EDE
and ΛCDM can be seen in Fig. 9. We find the Hub-
ble constant in EDE to be H0 = 68.29
+1.02
−1.00 km/s/Mpc,
shifted slightly upwards relative to ΛCDM fit to the
same data set, H0 = 67.29 ± 0.59 km/s/Mpc, and with
a considerably larger error bar. This behaviour (slight
upward shift, posterior broadened and skewed towards
larger values) is mirrored in Ωbh
2, Ωch
2, and ns. We
find S8 = 0.8393 ± 0.0173 in the EDE scenario, larger
than the ΛCDM value S8 = 0.8331± 0.0159, both larger
than the DES, HSC, and KV-450 constraints, but more
so in the EDE case. We also note a considerable degener-
acy between fEDE and H0, as well as between fEDE and
σ8 (see Fig. 1).
The goodness-of-fit to the primary CMB anisotropies,
as quantified by the χ2-statistic, is only marginally im-
proved in the EDE three-parameter extension of ΛCDM.
The χ2 statistics for each primary CMB likelihood are
given in Table III. We find an improvement ∆χ2 = −4.1,
with nearly equal contributions from the low-` TT, low-`
EE, and high-` TT+TE+EE likelihoods. With three ad-
ditional parameters, this is not a significant improvement
over ΛCDM.
B. Constraints from Primary CMB, CMB Lensing,
BAO, RSD, SNIa, and SH0ES Data
We now supplement the Planck 2018 primary CMB
anisotropy data with Planck 2018 CMB lensing, BAO,
RSD, supernova, and local distance ladder data. This
combination of data sets, with the exception of our use
of Planck 2018 data in place of 2015 data, was the ba-
sis for the conclusions in [25] and [26]. The posterior
distributions are shown in Figs. 1 and 10, the best-fit
parameters and constraints are tabulated in Tables IV
and XII, and the χ2 values are given in Table V.
We find fEDE = 0.098 ± 0.032, i.e., a 3.1σ detection
of EDE, when using this combination of data sets. This
value is larger than the 95% CL upper limit from the
CMB alone, as can be appreciated from Fig. 1, indicat-
ing minor tension between the data sets in the context
of EDE. The shift in fEDE is driven by the H0 tension
combined with the fEDE−H0 degeneracy of the EDE fit
to the primary CMB, which allows larger H0 values with-
out substantially degrading the fit to the latter. These
results are consistent with those presented in previous
work [25, 26]. While the RSD and CMB lensing like-
lihoods provide some LSS information in this data set
combination, their error bars are large enough so as to
not strongly disfavor the region of parameter space that
can resolve the Hubble tension. The somewhat higher
value of σ8 found in the Planck CMB lensing analysis
[77] in comparison to the DES, HSC, and KV-450 galaxy
weak lensing analyses also plays an important role here.
We find H0 = 70.98 ± 1.05 km/s/Mpc, reducing the
tension with SH0ES to ≈ 1.7σ, in comparison with the
ΛCDM value H0 = 68.17 ± 0.39 km/s/Mpc, the latter
in 4.0σ tension with SH0ES. The EDE reduction in the
tension is consistent with the conclusions of past works.
However we note the relative decrease in tension is in
part driven by a tripling of the error bar in the broadened
parameter space.
As anticipated, the tension with low-redshift LSS S8
constraints is worsened in the EDE fit, as compared to
ΛCDM. We find σ8 = 0.8337 ± 0.0105 for EDE, σ8 =
0.8086 ± 0.0060 for ΛCDM, and Ωm = 0.3025 ± 0.0051
and Ωm = 0.3044 ± 0.0051 for EDE and ΛCDM, re-
spectively. This drives an enhanced S8 tension in EDE;
S8 = 0.8372 ± 0.0127, in moderate 2.2σ tension with
DES-Y1, for example. In contrast, for ΛCDM fit to this
combination of data sets, we find S8 = 0.8145 ± 0.0099,
which differs from DES at 1.5σ, i.e., the two are statisti-
cally consistent.
The impact of EDE on the fit to the other ΛCDM
parameters is similar to that observed in the fit to the
primary CMB alone. Relative to the ΛCDM fit to the
same data sets, we find a shift upwards of Ωch
2, Ωbh
2,
ns, and a significant broadening of the posteriors. The
shift is most noticeable in Ωch
2, which is the driver of the
changes to the matter power spectrum P (k) observed in
Sec. IV. We find Ωch
2 = 0.12899 ± 0.00390 in EDE and
Ωch
2 = 0.11830± 0.00085 in ΛCDM.
The EDE parameters zc and θi are well constrained in
comparison to the fit to the primary CMB alone (see
Fig. 1). The EDE critical redshift zc is found to be
log10(zc) = 3.63
+0.17
−0.10. The posterior exhibits a weakly
bimodal distribution, mirroring the results of [26], with
a tail towards large log10(zc). As discussed in [26], the
subdominant peak is driven by high-` polarization data;
it does not have an obvious physical interpretation and
could simply be due to a noise fluctuation. On the other
hand, the tail correlates with large fEDE and small Ωch
2;
this is simply the region of parameter space where the
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FIG. 9: Cosmological parameter constraints from the Planck 2018 primary CMB data alone (TT+TE+EE). The red (blue)
contours show 1σ and 2σ posteriors in the ΛCDM (EDE, n = 3) models. We do not plot τ , as it is unchanged in the EDE fit.
The most significant changes in the EDE fit (compared to ΛCDM) are increases in Ωch
2, ns, H0, and σ8, as well as broadening
of the error bars on these parameters. However, the change in H0 is not large enough to reconcile the tension with the SH0ES
constraint (shown in the gray bands in the H0 panel). The green contours show posteriors for the EDE model, but with uniform
priors placed on the (physical) particle physics parameters f and log10(m), rather than on the effective EDE parameters fEDE
and log10(zc). Comparison of the blue and green contours indicates that the physical priors strongly downweight EDE models
than can resolve the H0 tension; see Sec. VII for further discussion.
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FIG. 10: Cosmological parameter constraints from the combination of Planck 2018 primary CMB data (TT+TE+EE); Planck
2018 CMB lensing data; BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0
constraint; and SDSS DR12 RSD data. This data set combination matches that used in [26], with the exception of Planck 2018
data used here in place of 2015 data. The red (blue) contours show 1σ and 2σ posteriors in the ΛCDM (EDE, n = 3) models.
We do not plot τ , as it is essentially unchanged in the EDE fit. Many parameters shift by a non-negligible amount in the EDE
fit (compared to ΛCDM), including increases in Ωbh
2, Ωch
2, ns, H0, and σ8 and a decrease in 100θs, as well as broadening of
the error bars on these parameters. The increase in H0 is large enough to mostly reconcile the tension with the SH0ES-only
constraint (shown in the gray bands). The EDE component is detected at 3.1σ significance using this combination of data sets,
consistent with earlier work [25, 26].
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Constraints from Planck 2018 TT+TE+EE + CMB Lensing, BAO, SNIa, SH0ES, and RSD
Parameter ΛCDM EDE (n = 3)
ln(1010As) 3.051 (3.047) ± 0.014 3.064 (3.058) ± 0.015
ns 0.9689 (0.9686) ± 0.0036 0.9854 (0.9847)+0.70−0.69
100θs 1.04204 (1.04209) ± 0.00028 1.04144 (1.04119) ± 0.00037
Ωbh
2 0.02252 (0.02249) ± 0.00013 0.02280 (0.02286)± 0.00021
Ωch
2 0.11830 (0.11855) ± 0.00085 0.12899 (0.12999)± 0.00390
τreio 0.0590 (0.0566) ± 0.0072 0.0573 (0.0511) ± 0.0071
log10(zc) − 3.63 (3.59)+0.17−0.10
fEDE − 0.098 (0.105)± 0.032
θi − 2.58 (2.71)+0.29−0.09
H0 [km/s/Mpc] 68.17 (68.07) ± 0.39 70.98 (71.15)± 1.05
Ωm 0.3044 (0.3058) ± 0.0051 0.3025 (0.3032) ± 0.0051
σ8 0.8086 (0.8081) ± 0.0060 0.8337 (0.8322)± 0.0105
S8 0.8145 (0.8158) ± 0.0099 0.8372 (0.8366)± 0.0127
log10(f/eV) − 26.64 (26.63)+0.08−0.15
log10(m/eV) − −27.15 (−27.27)+0.34−0.22
TABLE IV: The mean (best-fit) ±1σ constraints on the cosmological parameters in ΛCDM and in the EDE scenario with
n = 3, as inferred from the combination of Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data;
BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0 constraint; and SDSS DR12
RSD data. The EDE component is detected at 3.1σ significance.
χ2 statistics from the fit to Planck 2018 TT+TE+EE +
CMB Lensing, BAO, SNIa, SH0ES, and RSD
Datasets ΛCDM EDE
CMB TT, EE, TE:
Planck 2018 low-` TT 22.8 21.4
Planck 2018 low-` EE 396.4 395.8
Planck 2018 high-`
TT+TE+EE
2346.8 2346.9
LSS:
Planck CMB lensing 8.9 9.5
BAO (6dF) 0.0015 0.000002
BAO (DR7 MGS) 1.6 1.7
BAO+RSD (DR12 BOSS) 5.9 6.5
Supernovae:
Pantheon 1034.8 1034.8
SH0ES 17.6 4.1
Total χ2 3834.8 3820.7
∆χ2 -14.1
TABLE V: χ2 values for the best-fit ΛCDM and EDE models
to CMB + CMB Lensing + BAO + SNIa + SH0ES + RSD
data. The reduction in χ2 is 14.1 for the three-parameter EDE
extension of ΛCDM, driven almost entirely by the improved
fit to SH0ES. However, it is also notable that the fit to the
CMB is not degraded, even as the fit to SH0ES improves.
sound horizon and subsequent cosmology is left unaf-
fected by the EDE, even for fairly large values of fEDE.
We find a strong preference for a large initial field dis-
placement, θi = 2.58
+0.29
−0.09, consistent with the finding
of [26] that the best-fit models lie outside the regime
wherein the scalar field potential can be expanded as a
monomial.
The χ2 statistics for each likelihood in this fit are given
in Table V. The 3.1σ detection of EDE is accompanied by
a marked increase in the goodness-of-fit as compared to
ΛCDM. The EDE improvement in the total χ2-statistic is
∆χ2 = −14.1, driven almost entirely by the improved fit
to SH0ES, ∆χ2SH0ES = −13.5, counteracted by a slightly
worsened fit to the LSS data, ∆χ2LSS = +1.3 in total.
The latter hints at the potential for additional LSS like-
lihoods to substantially constrain EDE, particularly via
the sensitivity to P (k) as motivated by Fig. 8.
C. Including the (Early) Dark Energy Survey
We now expand our analysis to include likelihoods
from the DES-Y1 data set, in particular the “3x2pt”
likelihood comprised of photometric galaxy clustering,
galaxy-galaxy lensing, and cosmic shear two-point cor-
relation functions [38]. We jointly analyze all likelihoods
described in the previous two subsections and the DES-
Y1 3x2pt likelihood.
As mentioned earlier, we use the “Halofit” prescrip-
tion [66, 67] to compute the non-linear matter power
spectrum, following the DES methodology [38]. Thus
we assume that the “Halofit” fitting function calibra-
tion remains valid in the EDE models under consider-
ation. To justify this assumption, we note that in the
models capable of addressing the H0 tension and fitting
the CMB data, the deviation from a ΛCDM P (k) is not
particularly large, since fEDE . 0.1. The test that we
perform in Appendix B (see Figs. 17, 18, and 19, which
are described near the beginning of the next subsection)
provides a further justification for the validity of using
Halofit. There, we compare results obtained when us-
ing the full DES-Y1 3x2pt likelihood, which relies on the
Halofit non-linear P (k), to results obtained when impos-
ing a Gaussian prior on S8 corresponding to the DES-Y1
result, which only requires linear theory to compute. If
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Constraints from Planck 2018 TT+TE+EE + CMB Lensing, BAO, SNIa, SH0ES, RSD, and DES-Y1
Parameter ΛCDM EDE (n = 3)
ln(1010As) 3.049 (3.049) ± 0.014 3.058 (3.064) ± 0.015
ns 0.9704 (0.9698) ± 0.0035 0.9838 (0.9909)+0.0074−0.0075
100θs 1.04208 (1.04183) ± 0.00028 1.04162 (1.04172) ± 0.00036
Ωbh
2 0.02258 (0.02260) ± 0.00013 0.02285 (0.02304)± 0.00021
Ωch
2 0.11752 (0.11810) ± 0.00078 0.1251 (0.1254)+0.0035−0.0037
τreio 0.0590 (0.0584) ± 0.0072 0.0581 (0.0626) ± 0.0072
log10(zc) − 3.69 (3.84)+0.18−0.15
fEDE − 0.077 (0.088)+0.032−0.034
θi − 2.58 (2.89)+0.32−0.15
H0 [km/s/Mpc] 68.52 (68.24) ± 0.36 70.75 (71.05)+1.05−1.09
Ωm 0.2998 (0.3035) ± 0.0046 0.2970 (0.2954) ± 0.0047
σ8 0.8054 (0.8067) ± 0.0057 0.8228 (0.8263)+0.0099−0.0101
S8 0.8051 (0.8115) ± 0.0087 0.8186 (0.8199)± 0.0109
log10(f/eV) − 26.57 (26.47)+0.11−0.16
log10(m/eV) − −27.03 (−26.76)+0.33−0.32
TABLE VI: The mean (best-fit) ±1σ constraints on the cosmological parameters in ΛCDM and in the EDE scenario with
n = 3, as inferred from the combination of Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data;
BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0 constraint; SDSS DR12 RSD
data; and DES-Y1 3x2pt data. With the inclusion of the DES data, the evidence for the EDE component decreases to 2.3σ. A
one-sided upper limit on the EDE fraction yields fEDE < 0.127 at 95% CL. The non-negligible discrepancy between the best-fit
and mean posterior values is a reflection of the underlying tension between these data sets (i.e., SH0ES and all other data sets)
in the context of this model.
the Halofit prediction of the non-linear P (k) were highly
inaccurate in the EDE models under consideration, then
the posteriors obtained for the EDE parameters would
a priori be very different in the two approaches. The
test thus not only verifies that the information content
in the DES-Y1 data is almost entirely contained in the
S8 result, as discussed further in the next subsection,
but also verifies that the non-linear modeling used in the
3x2pt likelihood is sufficiently accurate, even for the EDE
models.
The posterior distributions for our analysis including
the full DES-Y1 3x2pt likelihood are shown in Figs. 1
and 11, the parameter constraints are tabulated in Ta-
bles VI and XIII, and the χ2 values are given in Ta-
ble VII. With the inclusion of the DES-Y1 3x2pt like-
lihood, the evidence for EDE decreases to 2.3σ. We
find fEDE = 0.077
+0.032
−0.034, shifted downwards from the
result without DES (Sec. VI B) to come into statistical
agreement with the upper bound from the primary CMB
anisotropies (Sec. VI A). A one-sided upper limit yields
fEDE < 0.127 at 95% CL. The initial field displacement
and critical redshift are constrained to be θi = 2.58
+0.32
−0.15,
and log10(zc) = 3.69
+0.18
−0.15. Broadly speaking, the EDE
parameter posteriors move towards the CMB-only re-
sults, as can be appreciated from Fig. 1. It is notable
that the best-fit parameter values in Table VI differ by
a non-negligible amount from the mean of the posteri-
ors. This reflects the fact that the data sets are pulling
the model parameters in opposite directions: the SH0ES
data can only be fit by increasing fEDE (and thus mov-
ing other parameters along their degeneracies with it),
but the CMB and LSS data do not prefer large fEDE. In
a proper Bayesian sense, it is likely that the data sets
are in tension and should not be combined in the first
place (e.g., [84–86]).
The downward shift in fEDE when DES-Y1 3x2pt data
are added to the combined data set of Sec. VI B can be
understood in terms of the interplay between σ8, Ωm,
H0, and fEDE. As discussed in [38] in the context of
ΛCDM, the precise DES measurement of Ωm breaks the
Ωm−H0 degeneracy in the ΛCDM fit to the CMB, shift-
ing H0 to larger values. In the EDE scenario, the impact
of DES measurements on H0 is the reverse, caused by
a marked correlation between σ8 and H0, which can be
observed in both Fig. 9 and Fig. 10. This is manifested
in the discrepancy between the DES matter power spec-
trum constraints and the predictions of the EDE model
fit to the data sets in Fig. 10 (see Fig. 8). As a result,
the DES likelihood drives H0 to lower values. The tight
correlation between H0 and fEDE then leads to a smaller
value for fEDE.
This is borne out in the H0 constraints. We find
H0 = 70.75
+1.05
−1.09 km/s/Mpc, in mild 1.9σ tension with
SH0ES. This is shifted slightly downwards from the value
in the fit without DES, H0 = 70.98 ± 1.05 km/s/Mpc.
In contrast, the ΛCDM constraint is raised to H0 =
68.52 ± 0.36 km/s/Mpc, decreasing the ΛCDM tension
with SH0ES to 3.8σ. This contrary motion in H0 values
is reflected in the SH0ES contribution to the χ2-statistic,
∆χ2SH0ES = −12.2, as seen in Table VII, which is slightly
lower than the improvement when DES was not included,
∆χ2SH0ES = −13.5, as seen in Table V.
It is also notable that the σ8 posterior matches closely
that of the fit to the primary CMB alone, as seen in
Fig. 1, erasing the shift observed in the fit without
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χ2 statistics from the fit to Planck 2018 TT+TE+EE +
CMB Lensing, BAO, SNIa, SH0ES, RSD, and DES-Y1
Datasets ΛCDM EDE
CMB TT, EE, TE:
Planck 2018 low-` TT 22.7 20.5
Planck 2018 low-` EE 396.8 397.7
Planck 2018 high-`
TT+TE+EE
2347.6 2350.2
LSS:
Planck CMB lensing 9.0 9.6
BAO (6dF) 0.0001 0.04
BAO (DR7 MGS) 1.8 2.4
BAO+RSD (DR12 BOSS) 5.9 6.9
DES-Y1 507.8 508.7
Supernovae:
Pantheon 1034.8 1034.8
SH0ES 16.6 4.4
Total χ2 4343.0 4335.2
∆χ2 -7.8
TABLE VII: The χ2 statistics in the fit to CMB + CMB
Lensing + BAO + SNIa + SH0ES + RSD + DES data for
the best-fit ΛCDM and EDE models. The reduction in χ2
is ∆χ2 = −7.8 for the three-parameter EDE extension of
ΛCDM. As in Table V, this decrease is driven almost entirely
by the improved fit to SH0ES (∆χ2SH0ES = −12.2). The fit to
the primary CMB actually worsens slightly (∆χ2CMB = 1.3),
as does the fit to LSS data (∆χ2LSS = 3.1).
DES (Sec. VI B). Generated by the degeneracy between
fEDE and σ8, this is a further indication that both LSS
and CMB observations are statistically consistent with
fEDE = 0. This is matched by shifts in S8 and Ωm; we
find S8 = 0.8186±0.0109 and Ωm = 0.2970±0.0047, both
in statistical agreement with DES-only measurements.
The χ2-statistic for each likelihood (in the joint-best-
fit model) is given in Table VII. The EDE improve-
ment in the total χ2-statistic with respect to ΛCDM is
∆χ2 = −7.8, noticeably worse than the improvement
in fit with DES excluded (Table V). The χ2 improve-
ment here is again driven almost fully by the improved
fit to SH0ES data (∆χ2SH0ES = −12.2); the fit to the
primary CMB and LSS data actually worsen slightly
(∆χ2CMB = 1.3 and ∆χ
2
LSS = 3.1). The EDE model
does not appear to provide a region of parameter space
that is in concordance with all cosmological data sets.
D. Additional LSS Data: KiDS+VIKING-450 and
Hyper Suprime-Cam
The KV-450 [42, 43] and HSC [44] surveys provide
complementary data sets to DES. However, rather than
perform the computationally expensive MCMC analysis
of directly sampling from these likelihoods in addition
to DES-Y1, we opt instead to approximate the KV-450
and HSC data sets by priors on S8, corresponding to the
constraints S8 = 0.737
+0.040
−0.036 and S8 = 0.780
+0.030
−0.033, re-
spectively.12
To validate this procedure, we first test it with the
DES-Y1 3x2pt data, for which we have the full likelihood,
as well as the S8 constraint given in [38]. In Figs. 17 and
18 in Appendix B, we compare the posterior distribu-
tions for cosmological parameters in the EDE scenario
fit to the combined data set with DES 3x2pt data in-
cluded (i.e., the results from Sec. VI C) to those with
the DES 3x2pt data replaced by a Gaussian prior on S8
given by the DES result S8 = 0.773
+0.026
−0.020, i.e., an S8 prior
imposed on the results of Sec. VI B. The posterior distri-
butions are in near perfect agreement, for both the EDE
parameters (Fig. 17) and standard ΛCDM parameters
(Fig. 18). Quantitatively, for example, the marginalized
constraints on the EDE fraction and critical redshift are
fEDE = 0.076
+0.032
−0.033 and log10(zc) = 3.66
+0.18
−0.14, which are
essentially identical to those found in the full analysis in
Table VI, fEDE = 0.077
+0.032
−0.034 and log10(zc) = 3.69
+0.18
−0.15.
Quantitative results for the other parameters are of sim-
ilar fidelity.
As a further test, in Fig. 19 we also perform the same
comparison in the ΛCDM model fit to these data sets.
We again find excellent agreement in the posteriors, al-
beit with a small shift visible in Ωm due to the fact that
the DES 3x2pt likelihood does constrain this parameter,
but the S8 prior approach neglects this information. The
correlation of Ωm with Ωch
2 and H0 then produces small
( 1σ) shifts in these parameters. Overall, we conclude
that the agreement between the S8 prior approach and
the full DES 3x2pt likelihood is excellent in both the EDE
and ΛCDM models. Fundamentally, this arises from the
fact that DES only weakly constrains the non-S8 param-
eters in comparison to Planck.
Guided by this excellent agreement for DES-Y1, we
include HSC and KV-450 constraints by imposing ap-
propriate Gaussian priors on S8 using the values given
above. We apply this methodology to both the ΛCDM
and EDE models. The results of this analysis are shown
in Figs. 1 and 11, and tabulated in Tables VIII and XIV.
We treat the three surveys as independent, which is accu-
rate since the sky overlap between the DES-Y1, KV-450,
and HSC-Y1 survey regions is small. There is roughly 20
deg2 overlap between DES-Y1 and HSC-Y1; no overlap
between DES-Y1 and KV-450; and roughly 70 deg2 over-
lap between HSC-Y1 and KV-450. Any covariance due to
the latter overlap is further weakened by the significantly
greater depth of the HSC survey compared to KV-450
(roughly double the effective number of source galaxies),
i.e., the redshift window functions of the modes probed
by the surveys are quite different. These sky overlap
numbers are approximate estimates based on the foot-
prints given in [87], [88], and [89] for DES-Y1, HSC-Y1,
and KV-450, respectively. Regarding possible common
12 In addition, as of this writing, we are not aware of a publicly
available likelihood for the HSC data.
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FIG. 11: Cosmological parameter constraints from the combination of Planck 2018 primary CMB data (TT+TE+EE); Planck
2018 CMB lensing data; BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0
constraint; SDSS DR12 RSD data; and the DES-Y1 3x2pt data. The red (blue) contours show 1σ and 2σ posteriors in the
ΛCDM (EDE, n = 3) models. We do not plot τ , as it is essentially unchanged in the EDE fit. The green contours show
posteriors in the EDE model when further including priors on S8 derived from KiDS and HSC data (as an approximation to
the use of full likelihoods from these data sets). Inclusion of the DES data weakens the preference for EDE seen in Fig. 10;
this shift is due to the discrepancy between the DES matter power spectrum constraints and the predictions of the EDE model
fit to the data sets in Fig. 10 (see Fig. 8). Inclusion of the KiDS and HSC S8 priors further weakens the evidence for EDE,
bringing it well under 2σ. The upshot is that the increase in H0 seen in the EDE fit in Fig. 10 is now reduced, and the increased
tension with SH0ES alone (shown in the gray bands) is apparent.
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systematics, the surveys also differ in their photo-z cali-
bration: KV-450 uses a combined data set comprised of a
large number of spectroscopic surveys [43], while DES-Y1
and HSC-Y1 both use the COSMOS photo-z catalogue
[90].
The evidence for EDE is weakened to below 2σ by
the inclusion of HSC and KV-450 information. We find
fEDE = 0.062
+0.032
−0.033, statistically consistent with fEDE =
0. The fEDE posterior exhibits substantial support at
the boundary fEDE = 0, and we find a one-sided upper
limit fEDE < 0.112 at 95% CL. The Hubble constant
shifts downward to H0 = 70.45
+1.05
−1.08 km/s/Mpc, in mild
2σ tension with the SH0ES-only constraint.
The EDE posterior distributions for the standard
ΛCDM parameters are shown in Fig. 11 (green). The
HSC and KV-450 S8 priors lead to a substantial shift to
smaller values of Ωch
2 and σ8, while Ωbh
2 is unaffected.
This is partnered with the shift in H0 to reduce S8 to
S8 = 0.8090 ± 0.0100, in statistical agreement with the
S8 measurements of DES, HSC, and KV-450. The EDE
parameter posteriors (Fig. 1) move towards those in the
fit of EDE to the primary CMB alone, both consistent
with fEDE = 0.
E. Walking Barefoot: EDE without SH0ES
To complete our analysis of constraints on EDE from
these data sets and data set combinations, we consider
the cosmological constraints when the SH0ES measure-
ment H0 = 74.03± 1.42 km/s/Mpc [15] is excluded from
the combined data set. We impose an additional inverse-
Gaussian H0 prior on the results of Sec. VI C to effec-
tively remove the SH0ES likelihood, which itself is effec-
tively a prior on H0. The resulting posterior distribu-
tions correspond to the fit of the ΛCDM or EDE model
to Planck 2018 primary CMB, Planck 2018 CMB lens-
ing, BAO data from 6dF, SDSS DR7, and SDSS DR12,
Pantheon SNIa, SDSS DR12 RSD, DES-Y1 3x2pt data,
and the KiDS and HSC S8 priors. Note that the origi-
nal MCMC sampling for these constraints was performed
with the SH0ES likelihood included, which obviates the
concerns related to parameter-space volume effects ex-
pressed in, e.g., [26]. For a complementary discussion of
this issue, see Appendix B of [91].
We find no evidence for the EDE component. The re-
sults are shown in Fig. 1 and Fig. 12 for the EDE and
standard ΛCDM posteriors respectively, and parameter
constraints are given in Tables IX and XV. We find an up-
per bound fEDE < 0.060 at 95% CL; a two-tailed analysis
gives fEDE = 0.023 ± 0.017. This constraint is substan-
tially stronger than found with the primary CMB alone
(Table II, fEDE < 0.087 at 95% CL), and indicates clear
tension with the values preferred when including SH0ES
in the analysis.
We find H0 = 68.92
+0.57
−0.59 km/s/Mpc, in substantial
(3.3σ) tension with SH0ES. The EDE value for H0 is ex-
tremely close to the value found in ΛCDM fit to the same
Constraints from Planck 2018 TT+TE+EE + CMB Lensing,
BAO, SNIa, SH0ES, RSD, DES-Y1, KiDS-S8,
and HSC-S8
Parameter ΛCDM EDE (n = 3)
ln(1010As) 3.046 ± 0.014 3.053 ± 0.014
ns 0.9710 ± 0.0035 0.9814+0.0075−0.0077
100θs 1.04209 ± 0.00028 1.04169 ± 0.00036
Ωbh
2 0.02260 ± 0.00013 0.02285 ± 0.00020
Ωch
2 0.11718 ± 0.00075 0.1230+0.0034−0.0035
τreio 0.0581 ± 0.0070 0.0574 ± 0.0071
log10(zc) − 3.73+0.20−0.19
fEDE − 0.062+0.032−0.033
θi − 2.49+0.40−0.38
H0 [km/s/Mpc] 68.67 ± 0.35 70.45+1.05−1.08
Ωm 0.2978 ± 0.0044 0.2952 ± 0.0046
σ8 0.8032 ± 0.0055 0.8157 ± 0.0096
S8 0.8002 ± 0.0082 0.8090 ± 0.0100
log10(f/eV) − 26.55+0.13−0.18
log10(m/eV) − −26.94+0.39−0.40
TABLE VIII: The mean ±1σ constraints on the cosmological
parameters in ΛCDM and in the EDE scenario with n =
3, as inferred from the combination of Planck 2018 primary
CMB data (TT+TE+EE); Planck 2018 CMB lensing data;
BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon
SNIa data; the latest SH0ES H0 constraint; SDSS DR12 RSD
data; DES-Y1 3x2pt data; and priors on S8 derived from
KiDS and HSC data. The KiDS and HSC S8 priors serve
as approximations to the full likelihood functions for these
data sets; we have validated the accuracy of this approximate
approach using the DES data, for which we can compare the
full likelihood and S8-prior approaches, in Fig. 17. However,
we do not provide best-fit parameter values here due to the
use of these approximations for the true likelihoods. With
the inclusion of the KiDS and HSC S8 priors, evidence for
the EDE component weakens further beyond that found in
Table VI, to below 2σ. This arises from the inability of the
EDE model to accommodate the “low” σ8 and Ωm values
found by the weak lensing experiments. A one-sided upper
limit on the EDE fraction yields fEDE < 0.112 at 95% CL.
combination of data sets, H0 = 68.33 ± 0.36 km/s/Mpc,
consistent with the non-detection of the EDE component
in the former.
The posterior distributions for the EDE parameters,
Fig. 1, are in broad agreement with those found in the
fit to the primary CMB alone. The initial field displace-
ment θi is bounded by θi > 0.35 at 95% CL, comparable
to the result from the fit to the primary CMB alone,
θi > 0.36. Similarly, we find only a lower bound on zc:
log10(zc) > 3.28 at at 95% CL. The fEDE posterior is
even more weighted towards fEDE = 0 than the fit to the
CMB alone, as is reflected in the tighter upper bound,
fEDE < 0.060 at 95% CL. This upper limit is well be-
low the mean and best-fit values found when including
SH0ES and excluding DES, HSC, and KV-450 (see Ta-
ble IV or [26]), indicating clear discordance.
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FIG. 12: Cosmological parameter constraints with SH0ES excluded from the combined data set (see Sec. VI E), in ΛCDM
and EDE. We include Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data; BAO data from 6dF,
SDSS DR7, and SDSS DR12; Pantheon SNIa data; SDSS DR12 RSD data; the DES-Y1 3x2pt data; and KiDS and HSC
data approximated by an S8 prior. There is little difference in H0 between ΛCDM and EDE, and the EDE H0 posterior has
negligible support in the 2σ region of the SH0ES measurement (indicated by the gray band), indicating that the EDE scenario
appears unlikely to resolve the Hubble tension.
VII. PRIOR DEPENDENCE
All analyses up until this point have followed past work
(e.g., [26]) and assumed uniform prior probability dis-
tributions for the effective EDE parameters fEDE and
log10(zc), as well as for the initial misalignment angle θi.
No consideration has been given to the particle physics
parameters, namely the axion massm and decay constant
f .
However, implicit assumptions have been made about
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Constraints from Planck 2018 TT+TE+EE + CMB Lensing,
BAO, SNIa, RSD, DES-Y1, KiDS-S8, and HSC-S8
(No-SH0ES)
Parameter ΛCDM EDE (n = 3)
ln(1010As) 3.041 ± 0.014 3.044 ± 0.014
ns 0.9692 ± 0.0035 0.9718 ± 0.0049
100θs 1.04200 ± 0.00028 1.04177+0.00035−0.00033
Ωbh
2 0.02253 ± 0.00013 0.02264 ± 0.00017
Ωch
2 0.11785 ± 0.00076 0.1196 ± 0.0016
τreio 0.0552 ± 0.0069 0.0558 ± 0.0069
log10(zc) − > 3.28
fEDE − < 0.060
θi − > 0.35
H0 [km/s/Mpc] 68.33 ± 0.36 68.92+0.57−0.59
Ωm 0.3021 ± 0.0045 0.3008 ± 0.0047
σ8 0.8032 ± 0.0053 0.8064 ± 0.0065
S8 0.8060 ± 0.0082 0.8074 ± 0.0089
log10(f/eV) − 26.52+0.38−0.36
log10(m/eV) − −26.67+0.65−0.69
TABLE IX: The mean ±1σ constraints on the cosmological
parameters in ΛCDM and in the EDE scenario with n = 3, as
inferred from the combination of Planck 2018 primary CMB
data (TT+TE+EE); Planck 2018 CMB lensing data; BAO
data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa
data; SDSS DR12 RSD data; DES-Y1 3x2pt data; and priors
on S8 derived from KiDS and HSC data, i.e., all data sets used
in Table VIII but with SH0ES excluded. As in that table, we
do not provide best-fit parameter values here due to the use
of the approximate likelihoods for KiDS and HSC. As in the
Planck primary CMB-only analysis (Table II), no evidence
for the EDE component is seen here. A two-tailed analysis
yields fEDE = 0.023± 0.017. The upper limit on fEDE here is
in significant tension with the values preferred when including
SH0ES in the analysis.
the particle physics parameters: uniform priors on
{fEDE, log10 zc, θi}, translated into implicit priors on
{f,m, θi}, correspond to strongly non-uniform priors on
f and m. To illustrate this issue, in Fig. 13 we plot the
implicit effective priors imposed on f and m by [26], com-
puted by sampling a uniform probability distribution on
fEDE, log10(zc), and θi, in the range [0.01, 0.25], [3.1, 4.2],
and [0.1, 3.0], respectively.
One can see in Fig. 13 that the distribution of axion
decay constants is highly peaked at f ∼ Mpl, in stark
contrast with theory expectations, both from statistical
arguments [92], and the Weak Gravity Conjecture [93];
see, e.g., [62]. There is a tight correlation between f
and θi, with small θi (θi . 1.0) correlating with super-
Planckian decay constants f > Mpl.
An obvious concern is the dependence of the EDE
posterior distributions on the MCMC sampler exploring
super-Planckian axion decay constants (f > Mpl), where
the theory may no longer be under control. To quantify
this effect, we impose an additional prior on the axion
decay constant, f ≤Mpl, on the results of Sec. VI B, i.e.,
the combined data set that does not include DES, HSC,
or KV-450. The posterior distributions are shown in Ap-
FIG. 13: Effective priors on f and m in EDE with flat priors
on fEDE, log10(zc), and θi. The distribution of f is peaked
at f = 0.59Mpl, where Mpl = 2.435 × 1027eV is the reduced
Planck mass.
FIG. 14: Effective priors on fEDE and log10(zc) in EDE with
flat priors on f , log10(m), and θi. The fEDE distribution is
peaked at fEDE = 0.029, corresponding to a maximal frac-
tion of ≈ 3% of the cosmic energy budget in the EDE field.
The deviation from a flat distribution of θi results from the
rejection of samples with fEDE > 0.8.
pendix C, Fig. 20. We find the restriction to f ≤Mpl has
a modest effect, with a small overall impact, including on
fEDE.
However, the drastic departure from a flat distribution
of decay constants in Fig. 13 raises a more general con-
cern regarding the dependence of the EDE posteriors on
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Constraints from Planck 2018 data only (TT+TE+EE) with
uniform priors on f and log10(m)
Parameter EDE (n = 3)
ln(1010As) 3.046 (3.042) ± 0.016
ns 0.9657 (0.9626)
+0.0048
−0.0049
100θs 1.04177 (1.04184) ± 0.00032
Ωbh
2 0.02238 (0.02222) ± 0.00017
Ωch
2 0.1212 (0.1218)+0.0017−0.0019
τreio 0.0541 (0.0532) ± 0.0075
f/(1027 eV) 2.25 (0.80)+2.49−1.96
log10(m/eV) −26.98 (−26.11)+0.66−0.64
θi < 2.31 (0.15)
H0 [km/s/Mpc] 67.53 (66.63)
+0.71
−0.73
Ωm 0.3162 (0.3258) ± 0.0083
σ8 0.8132 (0.8153)
+0.0086
−0.0089
S8 0.8349 (0.8497) ± 0.0166
log10(zc) < 3.89 (3.16)
fEDE < 0.041 (0.0003)
log10(f/eV) 27.07 (26.92) ± 0.60
TABLE X: The mean (best-fit) ±1σ constraints on the cosmo-
logical parameters in the EDE model with n = 3, as inferred
from Planck 2018 primary CMB data only (TT+TE+EE),
with uniform priors placed on the fundamental physics pa-
rameter f and log10(m) rather than the effective EDE pa-
rameters fEDE and log10(zc) (as used in all other analyses in
this paper, and previously in the literature). Upper limits are
quoted at 95% CL. The upper bound on the EDE component
is even tighter than seen in Table II, due to the stronger prior
weight placed on low values of fEDE by the physical priors
(see Fig. 14).
the choice to impose flat priors on the EDE parameters
fEDE and log10(zc) instead of the particle physics param-
eters f and m, the latter arguably being the physically
reasonable choice of priors. To further elucidate the prior
dependence, we perform an MCMC analysis with uniform
priors imposed directly on the particle physics parame-
ters f and log10(m). We consider f/eV = [10
26, 1028],
log10(m/eV) = [−26,−28], θi = [0.1, 3.1], and impose an
upper bound fEDE < 0.8 to ensure a physically reason-
able cosmology. We choose to impose a flat prior on f
rather than log10(f) in order to allow a non-negligible
probability for large fEDE values; if we had imposed a
flat prior on log10(f) instead (as one could argue is more
physically reasonable), then the results below would even
more strongly favor small fEDE values. To illustrate
the difference in priors, in Fig. 14 we plot the implied
prior probability distributions for fEDE and zc. From
this one can appreciate that uniform priors on f and
log10(m) impose a strong prior preference for small fEDE
values, fEDE < 0.1, and the distribution is peaked at
fEDE = 0.029. The θi distribution deviates significantly
from a flat distribution, due solely to the restriction to
samples with fEDE < 0.8.
As a first analysis of the effect of these physi-
cal priors, we consider the fit to primary CMB data
alone. We recompute the EDE parameter constraints
of Sec. VI A with the above uniform priors imposed on f
and log10(m). The posterior distributions are shown in
Fig. 15 for the EDE parameters and Fig. 9 for the stan-
dard ΛCDM parameters. The parameter constraints are
tabulated in Table X.
The upper bound on the EDE fraction is even stronger
than found in Sec. VI A, which further exacerbates the
discrepancy of EDE fit to the primary CMB with the
fit of EDE to primary CMB, CMB lensing, BAO, RSD,
SNIa, and SH0ES (Sec. VI B). We find fEDE < 0.041
at 95% CL; the best-fit model lies nearly exactly at
fEDE = 0. The posterior distribution for θi in Fig. 15
is heavily skewed towards θi = 0, which is strongly cor-
related with small fEDE (see Fig. 14). At small values
of fEDE the model is poorly constrained, and we ob-
serve this in the posteriors of f and m, which are vis-
ibly prior-dominated. This is despite the fact that the
priors imposed on log10(m) and f encompass the peak
values found with uniform priors on fEDE and log10(zc)
in Sec. VI A. In turn, the best-fit parameter values given
in Table X reflect the posterior preference for small fEDE:
while the true maximum of the likelihood should be near
the best-fit parameter values quoted in Table II, any rea-
sonable numerical search for a maximum will converge
on fEDE ' 0 here, and not on fEDE = 0.068 as quoted
in Table II, due to the posteriors’ strong weight toward
small fEDE values in this analysis.
The posterior distributions for the standard ΛCDM pa-
rameters in the EDE scenario (green contours in Fig. 9),
are nearly identical to the ΛCDM contours (red). The
only hint of EDE is in a slight broadening of the ΛCDM
parameter posteriors. The slight shift in H0 observed in
Sec. VI A is absent, and we find H0 is nearly identical to
that in ΛCDM.
VIII. DISCUSSION AND CONCLUSIONS
The Hubble tension (e.g., [1]) poses a challenge for pre-
cision cosmology. While systematic errors in the calibra-
tion of the cosmic distance ladder and/or other data sets
may be the ultimate explanation, the growing severity of
the tension (modulo the recent TRGB result in [16]) pro-
vides impetus to examine theoretical explanations and
explore alternative cosmologies that may restore cosmo-
logical concordance.
A logical possibility is the presence of new physics in
the early universe. One well-motivated scenario is the
introduction of a new source of energy density that in-
creases H(z) just prior to recombination, decreasing the
sound horizon, and thereby raising the value of H0 in-
ferred from early-universe probes. A popular proposal
of this type is the EDE scenario [25], and its variations
[26–33].
In this work we reanalyze the EDE scenario account-
ing for Planck 2018 primary CMB data (TT+TE+EE)
and LSS data from Planck 2018 CMB lensing, BAO (6dF,
SDSS DR7, and SDSS DR12), SDSS DR12 RSD, DES-Y1
3x2pt, HSC, and KV-450, as well as supernova distance
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FIG. 15: Constraints on the EDE scenario from Planck 2018 primary CMB data alone, with varying choices of priors on the
EDE model parameters. The blue contours show results with uniform priors placed on the effective EDE parameters fEDE
and log10(zc), while the green contours show results with uniform priors placed on the fundamental physics EDE parameters
f and log10(m). The physical priors strongly downweight large fEDE values, and thus significantly disfavor large H0 values.
The possibility of resolving the tension with SH0ES (gray bands) is thus significantly weakened when adopting these physical
priors, rather than uniform priors on the effective EDE parameters.
data from the Pantheon compilation and the SH0ES
distance-ladder H0 measurement. We obtain strong con-
straints on the existence of an EDE component in the
early universe, as seen in Fig. 1 and Table I.
In the region of parameter space capable of address-
ing the Hubble tension, the impact of EDE on LSS ob-
servables is substantial. To quantify and contextualize
this, in Fig. 8 we consider the imprint of EDE models on
the matter power spectrum in the range of wavenumbers
probed by DES, in comparison to the matter power spec-
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trum inferred from DES-Y1 measurements [38]. In Fig. 6
and Fig. 7 we show the fractional change in the matter
power spectrum as a function of the effective EDE pa-
rameters fEDE and zc, corresponding to the amount and
timing of EDE. For fEDE ≈ 12%, as proposed in past
works, the increase in P (k) is O(10%) on small scales,
in particular those that are probed by the DES, HSC,
and KV-450 data sets. This change is primarily driven
by the significant shifts in the standard ΛCDM parame-
ters (especially ωcdm and ns) that are seen when fitting
the CMB and SH0ES data to the EDE model, although
the scale-dependent suppression of growth induced by the
EDE itself also affects the shape of P (k).
Our main results are given in Fig. 1 and Table I.
We find no evidence for EDE in the primary CMB
anisotropies alone: the fit to Planck 2018 TT+TE+EE
gives an upper bound fEDE < 0.087 at 95% CL, with
H0 = 68.29
+1.02
−1.00 km/s/Mpc, shifted only slightly up-
wards relative to the ΛCDM value H0 = 67.29 ±
0.59 km/s/Mpc, and with a considerably larger error bar.
Both H0 values are in significant tension with the SH0ES
measurement H0 = 74.03 ± 1.42 km/s/Mpc [15]. When
the primary CMB data set is supplemented with data
from Planck 2018 CMB lensing, BAO distance measure-
ments, RSD data, the Pantheon SNIa distance measure-
ments, and the SH0ES H0 measurement, we instead find
3.1σ evidence for EDE, fEDE = 0.098 ± 0.032. We find
H0 = 70.98 ± 1.05 km/s/Mpc, reducing the tension with
SH0ES to ≈ 1.7σ. This is consistent with past results in
the literature for this combination of data sets [25, 26].
However, this is not the end of the story: these shifts
in fEDE and H0 are reversed upon the inclusion of ad-
ditional LSS data, in particular measurements of weak
gravitational lensing and galaxy clustering. These data
strongly constrain S8, which in the EDE scenario is
highly correlated with fEDE and H0. The tight corre-
lation between σ8, fEDE, and H0 is clearly visible in
the posterior distributions in Fig. 1, and is manifested
in the matter power spectrum. We find that additional
LSS data substantially weaken the evidence for EDE,
as a result of the tension between the larger values of
S8 needed to fit the CMB and SH0ES in these models
and the lower values of this parameter measured in LSS
surveys. Including the full DES-Y1 3x2pt likelihoods,
we find the evidence for EDE is reduced to 2.3σ, with
fEDE = 0.077
+0.032
−0.034. The inclusion of HSC and KV-
450 data, approximated as priors on S8, shrinks this
further to fEDE = 0.062
+0.032
−0.033, corresponding to a one-
sided upper bound fEDE < 0.112 at 95% CL. We find
H0 = 70.45
+1.05
−1.08 in the fit with DES, HSC, and KV-450
included, in moderate 2σ tension with SH0ES alone (note
that SH0ES is included in all of the aforementioned fits).
There is no sign of concordance amongst these data sets:
the LSS data pull the parameters in the opposite direc-
tion to that required to simultaneously fit the CMB and
SH0ES data.
To understand the apparent conflict between LSS data
and SH0ES-tension-resolving EDE cosmologies, we fit
the EDE model to the combined data set with SH0ES
excluded in Sec. VI E (note that Pantheon SNIa rela-
tive distances are still included). We find a constraint
on EDE even tighter than found with the primary CMB
alone, fEDE < 0.060 at 95% CL, with no hint of a pref-
erence for EDE. The corresponding Hubble constraint is
H0 = 68.92
+0.57
−0.59 km/s/Mpc, in significant tension with
SH0ES. The tight constraint found here indicates that
CMB and LSS data do not show any hint of moving
toward a cosmology that can accommodate the SH0ES
H0 value, even in the broadened EDE parameter space.
Physically, this arises from the fact that a higherH0 value
in the CMB fit requires a higher fEDE value, which in
turn requires higher ωcdm and ns values, thereby increas-
ing σ8 and conflicting with LSS constraints. There does
not appear to be a viable swath of parameter space to
satisfy all existing constraints.
Finally, we examine the choice of priors and the role of
the axion decay constant f . Uniform priors imposed on
fEDE, log10 zc, and θi effectively impose a non-uniform
prior on f and log10(m), as seen in Fig. 13. Notably, the
effective prior for the axion decay constant f is peaked
near the Planck scale, f ≈ Mpl, in conflict with theo-
retical expectations from particle physics and quantum
gravity. When the fit to primary CMB data is repeated
with uniform priors imposed directly on f and log10(m),
the upper bound on fEDE becomes fEDE < 0.041 at 95%
CL. This is significantly lower than the corresponding re-
sult for uniform priors on the effective parameters fEDE
and zc, suggestive of a prior dependence for EDE results
more generally. The use of such physical priors in the
other analyses presented in this paper would only fur-
ther tighten the upper limits on EDE.
Taken in conjunction, these results paint a bleak pic-
ture for the viability of the EDE scenario as a candidate
to restore cosmological concordance. More generally, it
is likely that any model that attempts to decrease the
sound horizon by increasing H(z) through a new dark-
energy-like component that is active at early times will
encounter the problems identified here. All such models,
insofar as they can accommodate a close fit to both the
CMB and SH0ES measurement, will do so at the cost
of a shift in ΛCDM parameters that is not compatible
with LSS data. Furthermore, we have not utilized all
possible data sets that constrain LSS in this paper; in
particular, galaxy cluster number counts (e.g., [94–97])
and thermal Sunyaev-Zel’dovich power spectrum mea-
surements (e.g., [98, 99]), amongst other probes, tightly
constrain σ8 and Ωm. Cluster number counts tend to
favor “low” values of σ8, consistent with weak lensing
and other LSS probes. Thus, their inclusion would likely
strengthen the conclusions drawn here. However, it may
be important to explicitly verify the accuracy of current
fitting functions (e.g., [100]) or emulators that are used
for the halo mass function in the context of EDE cosmolo-
gies, prior to applying this methodology to constrain the
EDE scenario.
Broadening the model space, one possible solution to
26
the tensions identified in this work may be to introduce
a larger neutrino mass, which would suppress small-scale
power in P (k) and thereby allow larger fEDE (and hence
H0) than found here. However, whether a large enough
neutrino mass is consistent with the CMB and distance
probes is unclear. The coming decade will see the launch
of several powerful LSS experiments (e.g., WFIRST [52],
DESI [49], VRO [50] (formerly LSST), and Euclid [51]),
and with these, an abundance of data from a range of
redshifts. In the absence of significant shifts with respect
to current LSS data, it seems unlikely that these next-
generation data sets will reverse the negative trajectory
we have seen here in the evidence for EDE as LSS data
are included in the analysis. However, the additional
statistical power will allow for tight constraints on EDE,
even when additional degrees of freedom are allowed to
vary (e.g., neutrino masses, Neff , the primordial power
spectrum, etc.).
Regardless of implications for the Hubble tension, ul-
tralight axions are of cosmological interest in their own
right (see, e.g., [101–103]), and the EDE variant of this
idea may leave interesting cosmological signatures even
in the region of parameter space where the impact on
the inferred H0 value is minimal. For example, inter-
esting effects arise in birefringence of CMB polarization
[104], in principle yielding a signal in CMB circular po-
larization [105, 106]. Other interesting signals may arise
due to the parametric resonance effects described in [26].
Orthogonal to these considerations, it may be interesting
to perform an appraisal of the discordance of the EDE
model along the lines proposed in, e.g., [84–86]. Looking
towards alternative approaches to the H0 tension, the re-
sults presented here potentially motivate further study of
new physics in the cosmic distance ladder itself [107–109].
We leave these interesting directions to future work.
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Appendix A: Constraints on EDE scalar field decay constant and mass
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FIG. 16: Constraints on the EDE scenario from a variety of cosmological data sets. The analyses shown are identical to those in
Fig. 1, but with the fundamental physics parameters log10(f) and log10(m) displayed instead of the effective EDE parameters
fEDE and log10(zc).
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Appendix B: Validation of S8 prior approach
In this appendix, we test the approximation of replacing the full DES 3x2pt likelihood with a Gaussian prior on S8
corresponding to the DES measurement. While the DES data most tightly constrain S8, they also yield a reasonably
strong constraint on Ωm [10]. It is thus not a priori clear that a simple S8 prior is an adequate substitute for the full
likelihood. However, as we will see, since DES only weakly constrains any non-S8 parameter in comparison to Planck
(including Ωm), this approximation turns out to be excellent when performing a joint analysis of these data sets.
We are particularly interested in the validity of this approach in the context of the EDE model, and in the context
of the data set combination utilized here. Thus, we consider the posterior distributions obtained for the full DES
likelihood and for a DES prior on S8. The results for the EDE model are shown in Figs. 17 and 18. The figures
display a near-perfect match of the posteriors, thus demonstrating that the S8 prior is an excellent approximation
to the full DES likelihood in the EDE model, within the context of this data set combination. For completeness, we
perform the same comparison for ΛCDM, shown in Fig. 19. The match is again excellent, although we note a slight
( 1σ) shift in the peak of the H0 posterior. This is caused by the Ωm-H0 degeneracy in ΛCDM, and the fact that
the S8 prior approach does not include the DES constraining power on Ωm.
From these comparisons we conclude that the S8 prior is an excellent approximation to the full DES 3x2pt likelihood
in the EDE and ΛCDM models. However, as evidenced by the small yet visible shift of the H0 posterior in ΛCDM,
this claim should be evaluated on a model-by-model basis.
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FIG. 17: Validation of an S8 prior as a good approximation to the inclusion of the full DES-Y1 3x2pt likelihood in the
EDE model. We compare the posterior distributions in the fit of EDE to Planck 2018 primary CMB data (TT+TE+EE);
Planck 2018 CMB lensing data; BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES
H0 constraint; SDSS DR12 RSD data; and the DES-Y1 3x2pt data (red), to the posterior distributions in the fit to same data
set but with DES-Y1 3x2pt data replaced by a prior on S8 (blue), S8 = 0.773
+0.026
−0.020. The close agreement of the posteriors
indicates a Gaussian prior on S8 is an excellent approximation to the inclusion of the full DES-Y1 3x2pt likelihood in this data
combination in the context of EDE.
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FIG. 18: Validation of an S8 prior as a good approximation to the inclusion of the full DES likelihood in the EDE model,
analogous to Fig. 17 but here showing the standard cosmological parameters. We compare the posterior distributions in the
fit of EDE to Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data; BAO data from 6dF, SDSS
DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0 constraint; SDSS DR12 RSD data; and the DES-Y1 3x2pt
data (red), to the posterior distributions in the fit to same data set but with DES 3x2pt data replaced by a prior on S8 (blue),
S8 = 0.773
+0.026
−0.020. The close agreement of the posteriors indicates a Gaussian prior on S8 is an excellent approximation to the
inclusion of the DES 3x2pt likelihood in this data combination in the context of EDE.
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FIG. 19: Validation of an S8 prior as a good approximation to the inclusion of the full DES likelihood in ΛCDM. We compare
the posterior distributions in the fit of ΛCDM to Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing
data; BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0 constraint; SDSS DR12
RSD data; and the DES-Y1 3x2pt data (red), to the posterior distributions in the fit to same data set but with DES 3x2pt
data replaced by a prior on S8 (blue), S8 = 0.773
+0.026
−0.020. The close agreement of the posteriors indicates a Gaussian prior on
S8 is an excellent approximation to the inclusion of the DES 3x2pt likelihood in this data set combination in the context of
ΛCDM. The slight ( 1σ) shift in H0 arises due to the constraining power of DES on Ωm, which is not captured in the simple
S8 prior approach, and the tight correlation between Ωm and H0 in ΛCDM.
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Appendix C: Restriction to Sub-Planckian Axion Decay Constants
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FIG. 20: Cosmological parameter constraints with an upper bound imposed on the axion decay constant, f ≤Mpl. See Sec. VII.
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Appendix D: Additional Figures Comparing EDE and ΛCDM Predictions
In what follows we include additional figures displaying the difference between the best-fit EDE and ΛCDM models
to non-LSS data, i.e., CMB, SH0ES, and distance data (RSD data were also included in the fits, but play very little
role due to their relatively large error bars). The parameters used correspond to the best-fit values from Table 1 of
[26]. For EDE, these are given in Eq. (7),
H0 = 72.19 km/s/Mpc , 100ωb = 2.253 , ωcdm = 0.1306 , 10
9As = 2.215 , ns = 0.9889 , τreio = 0.072
fEDE = 0.122 , log10(zc) = 3.562 , θi = 2.83.
while for ΛCDM, these are given in Eq. (10),
H0 = 68.21 km/s/Mpc , 100ωb = 2.253 , ωcdm = 0.1177 , 10
9As = 2.216 , ns = 0.9686 , τreio = 0.085.
We show the CMB lensing convergence auto-power spectrum, CκκL , and the fractional difference between EDE and
ΛCDM in Fig. 21. The impact here is substantial at high L, giving rise to shifts from ΛCDM of O(10%), consistent
with the changes induced in the matter power spectrum (see Sec. IV). It should be noted that the changes in the
CMB lensing and matter power spectra are driven by the sizeable shift in the physical CDM density ωcdm, as well as
the shift in the scalar spectral index ns; these shifts are also what preserve the fit to the primary CMB power spectra.
Fig. 22 shows the primary CMB power spectra DEE` (left) and D
TE
` (right) and the fractional difference between
the two models. These results further emphasize the remarkable agreement between the two models in the CMB,
as was displayed in Fig. 3 for the temperature power spectrum. We additionally include the fractional difference for
fσ8 and σ8 in Fig. 23. We conclude with a comparison of the growth factors and their fractional differences for both
cosmologies in Fig. 24, which illustrate the effects of the EDE on the growth of perturbations over nearly all of cosmic
history.
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FIG. 21: CMB lensing convergence auto-power spectrum in EDE with parameters given in Eq. (7) and ΛCDM with parameters
given in Eq. (10), and the fractional difference between them. The standard ΛCDM parameters differ non-negligibly between
the models, and similar to the matter power spectrum observed in Sec. IV, this generates a substantial change in the CMB
lensing power spectrum. The change is O(10%) at high-L, driven primarily by the shift in ΛCDM parameters, and not effects
of the EDE itself.
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FIG. 22: CMB EE (left) and TE (right) power spectra in EDE with parameters given in Eq. (7) and ΛCDM with parameters
given in Eq. (10), and fractional difference between EDE and ΛCDM (bottom). The parameters for both models correspond
to the best-fit values from Table 1 of [26]. The standard ΛCDM parameters differ non-negligibly between the models, while
producing remarkably similar CMB temperature and polarization power spectra. Note that in the fractional difference plot for
TE we have normalized by the variance, differing in our convention relative to other figures, because of the zero crossings of
the TE cross-correlation.
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FIG. 23: Fractional difference of σ8(z) and fσ8(z) in EDE with parameters given in Eq. (7) and ΛCDM with parameters given
in Eq. (10). The parameters for both models correspond to the best-fit values from Table 1 of [26]. The standard ΛCDM
parameters differ non-negligibly between the models, leading to the changes seen here, while producing remarkably close CMB
power spectra (see Figs. 3 and 22).
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FIG. 24: Growth factor f in EDE vs. ΛCDM (left) and fractional difference between the two (right). The models and
parameters are identical to those used in Fig. 23 (and elsewhere in this appendix). Note that this plot covers a very wide range
in redshift, in order to show the impact of the EDE field on the growth of perturbations over all of cosmic history.
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Appendix E: Parameter Constraints from Credible-Interval Approach
Constraints from Planck 2018 data only: TT+TE+EE
Parameter ΛCDM Best-Fit ΛCDM Marg. EDE (n = 3) Best-Fit EDE (n = 3) Marg.
ln(1010As) 3.055 3.044± 0.016 3.056 3.051± 0.017
ns 0.9659 0.9645± 0.0043 0.9769 0.9702+0.0053−0.0083
100θs 1.04200 1.04185± 0.00029 1.04168 1.04164± 0.00034
Ωbh
2 0.02244 0.02235± 0.00015 0.02250 0.02250+0.00018−0.00022
Ωch
2 0.1201 0.1202± 0.0013 0.1268 0.1234+0.0019−0.0038
τreio 0.0587 0.0541± 0.0076 0.0539 0.0549± 0.0078
log10(zc) − − 3.75 3.66+0.24−0.28
fEDE − − 0.068 < 0.087
θi − − 2.96 > 0.36
H0 [km/s/Mpc] 67.44 67.29± 0.59 69.13 68.29+0.73−1.2
Ωm 0.3147 0.3162± 0.0083 0.3138 0.3145± 0.0086
σ8 0.8156 0.8114± 0.0073 0.8280 0.8198+0.0090−0.012
S8 0.8355 0.8331± 0.0159 0.8468 0.8393± 0.0175
log10(f/eV) − − 26.36 26.57+0.26−0.46
log10(m/eV) − − −26.90 −26.94+0.39−0.65
TABLE XI: The best-fit and mean ±1σ constraints on the cosmological parameters in ΛCDM and in the EDE scenario with
n = 3, as inferred from Planck 2018 primary CMB data only (TT+TE+EE). Upper and lower limits are quoted at 95% CL.
The EDE component is consistent with zero. These constraints are computed with the credible-interval approach discussed
near the beginning of Sec. VI, and can be compared with the equal-tail limits presented in Table II (the best-fit and mean
values are, of course, identical in the two tables).
Constraints from Planck 2018 TT+TE+EE + CMB Lensing, BAO, SNIa, SH0ES, and RSD
Parameter ΛCDM Best-Fit ΛCDM Marg. EDE (n = 3) Best-Fit EDE (n = 3) Marg.
ln(1010As) 3.047 3.051± 0.014 3.058 3.064± 0.015
ns 0.9686 0.9689± 0.0036 0.9847 0.9854± 0.0070
100θs 1.04209 1.04204± 0.00028 1.04119 1.04144± 0.00037
Ωbh
2 0.02249 0.02252± 0.00013 0.02286 0.02280± 0.00021
Ωch
2 0.11855 0.11830± 0.00086 0.12999 0.1290± 0.0039
τreio 0.0566 0.0590
+0.0067
−0.0076 0.0511 0.0573± 0.0073
log10(zc) − − 3.59 3.63+0.22−0.14
fEDE − − 0.105 0.098+0.034−0.029
θi − − 2.71 2.58+0.35+0.05
H0 [km/s/Mpc] 68.07 68.17± 0.39 71.15 71.0± 1.1
Ωm 0.3058 0.3044± 0.0051 0.3032 0.3025± 0.0051
σ8 0.8081 0.8086± 0.0060 0.8322 0.834± 0.011
S8 0.8158 0.8145± 0.0099 0.8366 0.837± 0.013
log10(f/eV) − − 26.63 26.64+0.08−0.15
log10(m/eV) − − −27.27 −27.15+0.41−0.29
TABLE XII: The best-fit and mean ±1σ constraints on the cosmological parameters in ΛCDM and in the EDE scenario with
n = 3, as inferred from the combination of Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data;
BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0 constraint; and SDSS DR12
RSD data. The EDE component is detected at 3.4σ significance (using the credible-interval-derived error bar here). These
constraints are computed with the credible-interval approach discussed near the beginning of Sec. VI, and can be compared
with the equal-tail limits presented in Table IV (the best-fit and mean values are, of course, identical in the two tables).
39
Constraints from Planck 2018 TT+TE+EE + CMB Lensing, BAO, SNIa, SH0ES, RSD, and DES-Y1
Parameter ΛCDM Best-Fit ΛCDM Marg. EDE (n = 3) Best-Fit EDE (n = 3) Marg.
ln(1010As) 3.049 3.049± 0.014 3.064 3.058± 0.015
ns 0.9698 0.9704± 0.0035 0.9909 0.9838± 0.0074
100θs 1.04183 1.04208± 0.00028 1.04172 1.04162± 0.00036
Ωbh
2 0.02260 0.02258± 0.00013 0.02304 0.02285± 0.00021
Ωch
2 0.11810 0.11752± 0.00078 0.1254 0.1251± 0.0035
τreio 0.0584 0.0590
+0.0067
−0.0076 0.0626 0.0581± 0.0074
log10(zc) − − 3.84 3.69± 0.18
fEDE − − 0.088 0.077+0.035−0.030
θi − − 2.89 2.58+0.38+0.035
H0 [km/s/Mpc] 68.24 68.52± 0.36 71.05 70.7± 1.0
Ωm 0.3035 0.2998± 0.0046 0.2954 0.2970± 0.0048
σ8 0.8067 0.8054± 0.0057 0.8263 0.823± 0.010
S8 0.8115 0.8051± 0.0087 0.8199 0.819± 0.011
log10(f/eV) − − 26.47 26.57+0.11−0.16
log10(m/eV) − − −26.76 −27.03± 0.38
TABLE XIII: The best-fit and mean ±1σ constraints on the cosmological parameters in ΛCDM and in the EDE scenario with
n = 3, as inferred from the combination of Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data;
BAO data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0 constraint; SDSS DR12 RSD
data; and DES-Y1 3x2pt data. The inclusion of the DES data decreases the evidence for EDE to 2.6σ significance (using the
credible-interval-derived error bar here). These constraints are computed with the credible-interval approach discussed near
the beginning of Sec. VI, and can be compared with the equal-tail limits presented in Table VI (the best-fit and mean values
are, of course, identical in the two tables).
Constraints from Planck 2018 TT+TE+EE + CMB Lensing, BAO, SNIa, SH0ES, RSD, DES-Y1, KiDS-S8, and HSC-S8
Parameter ΛCDM Marg. EDE (n = 3) Marg.
ln(1010As) 3.046± 0.014 3.053± 0.015
ns 0.9710± 0.0035 0.9813± 0.0074
100θs 1.04209± 0.00028 1.04169+0.00037−0.00034
Ωbh
2 0.02260± 0.00013 0.02285+0.00019−0.00022
Ωch
2 0.11718± 0.00076 0.1230+0.0029−0.0039
τreio 0.0581± 0.0072 0.0574± 0.0073
log10(zc) − 3.73+0.18−0.23
fEDE − 0.062± 0.030
θi − 2.49+0.50+0.048
H0 [km/s/Mpc] 68.67± 0.35 70.45+0.94−1.2
Ωm 0.2978± 0.0044 0.2952± 0.0046
σ8 0.8032± 0.0055 0.8157± 0.0094
S8 0.8002± 0.0082 0.809± 0.010
log10(f/eV) − 26.55+0.12−0.19
log10(m/eV) − −26.94+0.33−0.50
TABLE XIV: The mean ±1σ constraints on the cosmological parameters in ΛCDM and in the EDE scenario with n = 3,
as inferred from the combination of Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data; BAO
data from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; the latest SH0ES H0 constraint; SDSS DR12 RSD data;
DES-Y1 3x2pt data; and priors on S8 derived from KiDS and HSC data. The inclusion of the KiDS and HSC data decreases
the evidence for EDE to 2.1σ significance (using the credible-interval-derived error bar here). These constraints are computed
with the credible-interval approach discussed near the beginning of Sec. VI, and can be compared with the equal-tail limits
presented in Table VIII (the mean values are, of course, identical in the two tables).
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Constraints from Planck 2018 TT+TE+EE + CMB Lensing, BAO, SNIa, RSD, DES-Y1, KiDS-S8, and HSC-S8 (No-SH0ES)
Parameter ΛCDM Marg. EDE (n = 3) Marg.
ln(1010As) 3.041± 0.014 3.044± 0.014
ns 0.9691± 0.0035 0.9718+0.0041−0.0055
100θs 1.04200± 0.00028 1.04177+0.00038−0.00030
Ωbh
2 0.02253± 0.00013 0.02264+0.00015−0.00018
Ωch
2 0.11785± 0.00077 0.11956+0.00088−0.0020
τreio 0.0552± 0.0070 0.0558± 0.0070
log10(zc) − > 3.28
fEDE − < 0.060
θi − > 0.35
H0 [km/s/Mpc] 68.33± 0.36 68.92+0.40−0.72
Ωm 0.3021± 0.0045 0.3008± 0.0047
σ8 0.8032± 0.0053 0.8064+0.0057−0.0073
S8 0.8060± 0.0082 0.8074± 0.0089
log10(f/eV) − 26.52+0.28−0.44
log10(m/eV) − −26.67± 0.69
TABLE XV: The mean ±1σ constraints on the cosmological parameters in ΛCDM and in the EDE scenario with n = 3, as
inferred from the combination of Planck 2018 primary CMB data (TT+TE+EE); Planck 2018 CMB lensing data; BAO data
from 6dF, SDSS DR7, and SDSS DR12; Pantheon SNIa data; SDSS DR12 RSD data; DES-Y1 3x2pt data; and priors on S8
derived from KiDS and HSC data. The SH0ES H0 measurement is not included here. Upper and lower limits are quoted
at 95% CL. With SH0ES excluded, there is no evidence for the EDE component. These constraints are computed with the
credible-interval approach discussed near the beginning of Sec. VI, and can be compared with the equal-tail limits presented
in Table IX (the mean values are, of course, identical in the two tables).
